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SUMMARY
A Symposium on A RL work on Aircraft Structural Fatigue was held in October. 1976

in Melbourne. Nineteen technical papery were presented and these, together with questions
and answers, comprise the bulk of the report. The paptrs cover:

Australian experience and research in Aircraft Structural Fatigue
fundamentals of fatigue and of fracture mechanics
data acquisition and interpretation
structural life prediction
current research and development in structural and materials fatigue
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A Symposium on ARL work on Aircraft Structural Fatigue was held on 19-20
October 1976 in Melbourne. It attracted an audience of 211 persons, comprised of
a large contingent of Service personnel, academics, research workers, aircraft
manufactudrers and operators, air safety personnel, and many persons from the
general engineering area of industry. Forty-four persons from interstate attendej.

Nineteen technical papers were presented and these, together with the que~tions
and answers, compr.se the bulk of this report. .4s part of the Symposium a 2d-board
display was mounted illustrating examples of ARL research into Aircraft Structural
Fatigue; the frontispiece shows a typical exhibit.

ORGANIS1NG Commi lroru

J. B. Dance (Convener)

F. P. Bullen
J. M. Finney (Secretary)



PREFACE

Australia has a ver., real interest in the problem of aircraft fatigue. The local civil airlines
amass fl_ ing hours at a high rate. and militar% aircraft are frequently operated beyond the life
guaranteed b% the designers. It is a tribute to the air-',orthiness authorities-the Air Transport
Group of the Department of Transport, the RAAF and the RAN -and the operators, that
Austrahia has an excel'en• safit,, record. Some of !he credit for this record is also due. I believe.
to the Aeronautica: Research Laboratories, whose research work on fatigue has been conducted
over a period of three decades. Indeed, ARL's international reputation probably owes more to
its contribution to an understanding of fatigue than to any other single subject.

The total effort ont fatigue work in Australia is shared by the operator, the regulating
authorities, and the research workers. B) international standards it is not large, but therein lies
one of its significant adantages: the people know each other and hence very real co-operation
is possible while the whole problem is maintained in proper perspective.

The symposium arose out of a suggestion byN Mr. Ii. A. Wills--a former Superintendent of
Structures Di,,ision -that the unique knowledge aailable at ARL for dealing Aith fatigue
problems should be widely disseminated. The arrangements were in the care of a small ARL
committee chaired by Mr. J. B Dance, the then Superintendent of Structures Division. The
fatigue work in that Disision has been under his control for the last two decades: he retired a week
after the smposium.

The opening of the symposium %%as to hase been carried out by the Chief Defence Scientist,
Dr. J. L. Farrands. Unfortunately, he was not able to be present, so his address was read: the
text appears in full in the proceedings. Particular note was taken of his penultimate paragraph
about codification of practice. The Laboratories are now paying close attention to the possibility
of meeting his challenge.

(F. G. BLIGHT)

Chief Superintendent,
Aeronautical Research Laboratories
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OPENING ADDRESS BY DR. J. L. FARRANDS

CHIEF DEFENCE SCIENTIST

Mr. Blight, colleagues and visitors, I must apologise for not being able to be present to open
this ARL Symposium on Aircraft Structural Fatigue. It is a subject which I find has a great deal
of interest for me personally. It is furthermore a topic in which science can be immediately seen
to have important social and economic implicatidns.

Australia was one of the early leading countries in research on aircraft fatigue with
participation by ARL, DCA and the RAAF. It owed its start, I believe, to the considerable
insight of Mr. H. A. Wills when he was Superintendent of Structures.

The most important contribution in the early work was the repeated load tests on Mustang
wings which was used as a basis for the data sheets on fatigue of aircraft structures put out by
the Royal Aeronautical Society in UK.

After further civil work involving fatigue tests on Dove and Drover aircraft it was realised
that military aircraft would also suffer fatigue failures, particularly in Australia because of the
wish to obtain the longest possible life from this expensive equipment. Thus safe fatigue life
investigations were commenced on Canberra, Hercules, Neptune, Winjeel and Vampire, the latter
involving a full-scale fatigue test at ARL.

Full-scale tests were continued with Cessna and then Mirage which was completed over a
year ago. This is probably the last overseas designed aircraft to be tested in Australia because
there is now general recognition in other countries that a full-scale fatigue test is an essential part
of the development of an aircraft.

In spite of the very good research work that has been done over the years there still
remains a large number of unsolved problems. There are areas of contention in. the interpretation
of statistical methods. There needs to be a clearer understanding of the meaning of the advice
that the scientists are giving.

In addition to these here-and-now problems there has to be attention to continual monitoring
of new materials and new production processes. The lessons of the ultra high strength steel in
the Fill, and the subtleties and surprises of the corrosion problems should not be readily
forgotten.

Fatigue and the associated problems of
(a) methods of calculating safe lives,
(b) fatigue properties of and crack propagation in aluminium alloys,
(c) methods of measuring flight loads in aircraft,
(d) statistical properties of fatigue fracture,
(e) non-destructive testing methods,
(f) the mechanism of.lamage in metals, and
(g) effect of environment on fatigue properties and safe life calculations

are all the subjects of conti:ning research.
The available resource3 clearly limit the effort which can be applied to these topics. It is a

heavy responsibility of the research managers to ensure that the effort is properly distributed,
reinforces success, and at the same time refrains from the merely interesting.

It has long been my belief that the knowledge within our community on this subject should
be assembled. We have something to say to the world. I also believe that we should codify current
practice, so that the basis for decision making should be explicit.

This symposium may be a good beginning for such a project. Certainly it will provide a
summary of present knowledge and perceived problems.

What about codification of practice? Can the symposium help you to agree on this, and
agree to do it.

If your symposium caa go towards these two things it will have been worthwhile. I wish you
well.
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SAFETY AGAINST FATIGUE IN FLIGHT-

A PERSPECTIVE OF AUSTRALIAN EXPERIENCE

AND RESEARCH

by

F. H. HOOKE

S UA.•.' A R Y

Metal faeigue in aircraft was not envisL.ged as a problem when the Acrot.autical
Research Laborator" was about to be established. it otas seen to be significant after an
air, -aft cccident in 1945, an,: hi initiated a new and sustained thrust in the structures
rest'arch progranme.

.4t an early vtage plaits cud procedures were jornulaied, and the Laboratory pro-
ceeded to carry out tesits and acquire and interpret informariow, both an the endurance of
structures and materials, and on the loading actions on the structure -inforrnati.n which
%as to be of great raluc to civil and military ariation in Austiria and throughout the
vthole world. In 30 .ears the total of catastrophic fatikue failures was to rise to five, and,

of these two resulted from the use of new high strength materials whose fatigue properties
had not been properiv explored in the laboratory bejore ih,.'y were adopted.

These failures inens.iped and sharpened the research effort, leading to improenwrnts
it procedures and to better understanding of the way in which inspection can maintain
structural integrity. The dissemination of Australian research results, and the overseas
contact of Australian scientists, has produced a two-way flow of information which can
be said to have significantly improv'ed aircraft fatigue performance and fatigue eraluatior.

RIGW FAIcA BUAN&



1. INTRODUCTION

The problem of fatigue of metals, though by no means new in the field of engineering, was
not regarded as particularly significant to aircraft during the second world war or immediately
thereafter, when what was then the Structures and Materials Section of the CSIR Division of
Aeronautics was in its infancy.

There had, it is true, been fatigue failures in the primary strvecture of some military aero-
planes overseas during the war, but these were regarded as having resulted from poor design,
and therefore remediable by the use of adequate design and stress analysis procedures. Of the
many problems on which the advice of the Division of Aeronautics was sought during the war,
three only were concerned with fatigue; a failure of a Gipsy Major engine crankshaft, a failure
of a Jowett Javelin motor crankshaft, and a question whether the welding of steel tubes of similar
strength but of different composition caused a deterioration of the static and fatigue strengths.

In January 1945 there occurred an event which was to reshape the Laboratory's research
programme: it was the crash of the Stinson airliner VH-UYY at Spring Plains in Victoria with
the loss of ten lives. The weather conditions were fine and could in no way have contributed
directly to the accident. An examination of the wreckage' showed that fatigue failure had occurred
in a joint of the welded steel tube structure carrying tension loading between the port outer wing
and the centre section, and that another fatigue crack had grown to a less advanced stage at
another welded joint area.

It has only been recently learnt that, by 1945, Swiss aircraft designers had rejected the
"birdsmouth" type of welded joint used in the Stinson, in favour of butt-welded joints, because
of the relatively inferior fatigue performance of the former.

The significance of this accident to Australia was that it revealed that fatigue failure under
normal fluctuating flight loads was not a remote possibility as had been previously thought, but
was a serious risk: it drew attention to the disadvantages of welded steel structures from the
fatigue viewpoint, and it catalysed the study of all factors entering into the problem of aircraft
fatigue.

Following the Stinson accident a meeting was held between Division of Aeronautics and
Department of Civil Aviation personnel at the Laboratory to plan to obtain the information
required to elucidate the fatigue problem. The decisions, as recorded, were:

(a) DCA to contact overseas airworthiness authorities regarding steps being taken to
determine a safe working life of aeroplane structures.

(b) DCA to install flight load measuring instruments in ciil aircraft.
(c) The Division of Aeronautics to contact overseas research institutions to obtain any

available data and proposals for future works in respect of-
(i) magnitudes and frequencies of applied loads,

(ii) methods of assessing the endurance life of various type- of structure under these
loads.

(d) The Division to consider performing flight tests to obtain specific data on loads and
stresses in aircraft when flying in normal and adverse weather conditions.

(e) The Division to investigate endurance limits of typical structures and components.
Arising out of these recommendations approaches were made in person and by letter to overseas
authorities, and surveys of information were made which revealed ti:at nowhere was it considered
possible to design for a specified life expectancy nor did methods of estimation of fatigue life
expectancy exist in a form suitable for adoption by an airworthiness authority. Some limited
information was obtained on the frequencies and magnitudes of applied flight loads; at Farn-
borough the effects of fluctuating loads on aircraft components were being exp!ored in a general
way 2 and the basic idea of establishing life expectancy from the relevant load and fatigue data
had been put forward by Bland and Sandorff;3 but a logical approach and concrete factual
data which could be regarded as relevant to Australian flying conditions or Australian operated
aircraft were completely lacking.
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It is a tribute to the foresight of Mr. H. A. Wills, the first Head of the Structures and
Materials Section, that he saw this as a potentially growing problem demanding for its solutions
the development of specific procedures and the obtaining of specific data both on the fatigue
behaviour of structures and on the loading actions occurring.

This work proceeded enthusiastically. Within a few months the hydraulically controlled
wing test rig, being used at the time to investigate the static strength of Australian-built Mosquito
wings4 was mechanised and a Mosquito wing was fatigue tested' with some surprising results.
As far as is known no wing testing rig capable of this performance then existed elsewhere in the
world. In December 1946 the current state of knowledge was exposed in a Symposium on "The
F:ailure of Metals by Fatigue". organised at Melbourne University. The papers covered a very
wide field, and included several on aircraft fatigue by overseas specialists (little more definitive
than the results of the overseas inquiries of the previous year), and contributions from the
Division of Aeronautics by Johnstone and Hooton on "Methods of investigating the fatigue
properties of materials" and "The measurement of dynamic strain" respectively. Ih retrospect
the Symposium proved most valuable in bringing together expertise from the world over; it is
nevertheless not too harsh a criticism to say that it revealed more areas of ignorance than of
knowledge, since, for example, it became apparent that no means was available to design against
fatigue the simplest of machine parts, viz., a shaft in fluctuating torsion with a fillet radius
blending a smaller diameter to a larger one.

Meanwhile the research programme of the Structures and Materials Section began to get
under way. After surveying the meagre literature, studies were made of the fatigue strength of
machine parts,6 methods for extrapolating fatigue data,7 and for calculating the endurance
strength of aircraft.' Because it had become clear that fatigue loading on civil aircraft came
primarily from the fluctuating loads caused by atmospheric turbulence, particularly in adverse
weather conditions, theoretical studies were made of the response of aircraft to gusts.9 '10 Flight
load measurements were instituted on civil DC-3 aircraft'" within Australia and on RAAF
Lincoln" and Dakota transports within Australia and overseas, while laboratory investigations
were made of the performance of measuring instruments.

By September 1947 the various aspects of the problem had been brought to a sufficiently
definitive stage for Wills to present to the Institution of Engineers, Australia a detailed statement
of the situation.'I He showed that, because of a number of factors, including:

(a) the steady increase in working stresses,
(b) the increase in cruising speeds,
(c) the increase of dynamic effects with increasing aircraft size, and
(d) the introduction of new materials having higher static strength but unchanged fatigue

properties,
the likelihood of fatigue failures of the primary structure was increasing and would continue to
increase in the future.

In a sample calculation using hypothetical data, it was shown that gusts of a low order
(below the load factor 0.5 or a gust velocity of about 6 f.p.s.) could well be ignored when con-
sidering fatigue damage; and maximum damage occurred with gusts having a vertica! velocity
of about 12 f.p.s. Using the by then familiar cumulative damage hypothesis, a life to failure of
about 9000 hours was calculated. When it is remembered that the utilisation of civil aircraft in
this country was particularly high, and not uncommonly aircraft used to accumulate between
3000 and 4000 flying hours per year on short stage operations, the significance to Australian
operators of the fatigue problem was clear,

This analysis reiterated the immediate need for further data and further research on such
topics as:

(a) fatigue behaviou'r of full scale aircraft structures under laboratory tests,
(b) fundamental fatigue properties of specimens of various aircraft materials under a wide

range of maximum and minimum loads,
(c) fluctuating flight loads experienced on Australian air routes (desirably to be recorded

with statistical recording instruments), and
(d) the dynamic behaviour of the structure under suddenly applied loads.
Investigations of fatigue behaviour of full scale structures proceeded with the testing of

fourteen aluminium alloy wings of Boomerang fighter aircraft-the wings being of single spar
type with compression skin stiffened internally with corrugated sheet. The wings (which were
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made in Australia by Commonwealth Aircraft Corporation), were tested at a variety ,f fluctuat-
ing load amplitudes, and an S-N curve was established. When compared with the reputed
behaviour of riveted joints in the same materi.l at low alternating stresses there was reasonable
agreement, but in tests at loads approximating 401, of ultimate design load the wing life was
only one-twentieth of the reputed life of riveted joints, and a little inferior to the life of Typhoon
tailplanes previously tested by Oaks and Townshend at the RAE, Farnborough. 4

In May 1949, at the invitation of the Royal Aeronautical Society, Wills presented a paper
on the same topic to the Second Anglo-American Aeronautical Conference held in New York. '
Its message and its conclusions were the same as thost of the earlier Institution of Engineers paper,
while the sample calculation of fatigue life was updated using the actual full scale fatigue data
from Boomerang wings, giving a safe lifetime of 14,900 hours. Two years later a safe lifetime of
one-fifth of that figure was to be applied to an aircraft type in service.

2. THE NINETEEN FIFTIES

As far as the Structures Laboratory (now the Structures and Materials Division of the
Aeronautical Research Laboratories, Department of Supply) was concerned, the 1950s were the
era of "Mustang Wing Tests".

After World War 2, a large number of Australian- and US-built Mustang aircraft became
surplus, and the wings were acquired, for the purpose of further investigating at full scale the
fatigue properties of aluminium alloy structures as then constructed, as had been recommended
following the Stin~on accident.

Initially the endurance was to be investigated under constant amplitude loading and dif-
ferent specimens were tested with various mean and alternating loads.

By 1955 over 170 wings had been tested, deriving the A-M Diagram for Mustang Wings,
and providing a data base, the use of which, with a cumulative damage hypothesis, would permit
the calculation of endurance of these wings under any sequence of service loads, whether military
fighter, trainer, civil transport or whatever." 6 In addition the tests revealed the sorts of structural
details in Mustang wings where fatigue first became apparent: sharp cornered holes in evenly
stressed panels, concentrations of stress where load carrying members converge, etc.: they also
showed the way in which fatigue cracking developed, and that the predominant failure location
varied with the load amplitude. The endurance of various failure locations corresponded with
those of notched specimens of material with a KT* of 3.6 and 4.2.' Tests were carried out on
specimens preloaded to between 85% and ¶I5% of mean ultimate failing load, and these revealed
what was shown by Heywood'" on specimens, lugs, wing booms and tailplanes, viz. that high
preloads can considerably enhance the endurance.

The results of the constant amplitude tests became well known and used throughout the
aeronautical design world, and were incorporated into Issue 2 of the Royal Aeronautical Society
(now ESDU) Data Sheet on "Endurance strength of complete wings and tailplanes (aluminium
alloy material)"." S They were also combined by ARI. with other overseas data to give the 24ST
Structures A-M diagram, and this was used for some years in Australia for life estimation, using
a large scatter factor, until the conviction had grown that a single test result from the structure in
question was preferable to several hundred tect results from other sorts of structures.

There had been a growing feeling within ARL and elsewhere that the cumulative damage
hypotheses and procedures required verification, that fatigue airworthiness testing with one
fluctuating load amplitude was inadequate, and that the testing should be spread over at least
three load amplitudes. ARL therefore decided to represent the service load experience by a
multi-load-level test with loads applied in random sequence. Langford of DCA'' enunciated a
proposed fatigue airworthiness requirement for aircraft wings, which specified programme
loading at these amplitudes-a simplification of the procedure initiated 16 years earlier by

Gassner,1 0 but yet more complex than was then the current practice. Woodgate,'' of Trans
Australia Airlines, questioned the validity of procedures for calculating the damaging effects of
the air-ground-air loading cycle, and pointed out that the proposed three-load-level programme
had not been designed to represent these loads.

"Theoretical stress concentration factor.
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ARL therefore proceeded to further tests of Mustang wings under four different varying
load histories:

(a) A three-level programme of gust loads.
(b) A multi-load-level random gust load history derived from the same spectrum.
(c) The same multi-load-level random gust history with a periodic air-ground-air cycle.
(d) A multi-load-level random manoeuvre load history.
The results of these investigation were described in a series of reports by Johnstone, Payne,

Ford, Patching, Kepert, Rice, el al. t ',2 3
,
2 4

, 
5 From these it was concluded that, having the

complete A-MN diagram for the wings in question, the endurance to final failure could be well
predicted for each of the three gust load histories using the linear cumulative damage hypothesis,
provided that the largest positive load in the history was assumed paired with the largest negative

I0 load, the second largest with its complement, and so on (denoted Hypothesis H 1). This procedure
had been current practice at ARL for the previous decade. Under the manoeuvre load history

0 the prediction method was found to underestimate the endurance, but as this was conservative
it continued to be adopted.

It was also concluded that a full scale fatigue test was necessary to adequately estimate fatigue
life, so as to avoid errors intrinsic in estimation based on pre-existing data for "similar structures".
Although Mustang wings were not "fail safe" in design nor strictly in practice, it was concluded
that in potentially fail safe structures full scale testing was necessary to determine fatigue critical
areas and the way fatigue failures develop. It was also concluded that a programme load test was
the most feasible method of representing service loads, and that a simplified three-load-level test
proposed by Langford gave close agreement with a random load sequence.

The constant amplitude data, when combined with overseas data from other structures
showed a total variability (variance) of s'= 0.322, and the variance between makes was
s2 = 0-25' while that within makes was s 2 = 0.202 . This latter figure was about 3J times the
variance for Mustang wings alone (S2 = 0-1162) and, appearing conservative, was used for a
number of years as '. variance to provide a scatter factor for a desired probability of failure,
when variability data were not available for the structures in question.

While the Laboratories were testing wings which were not designed as fail-safe, the
Australian airlines operated aircraft which the manufacturers claimed to embody such features,
and the Department of Civil Aviation began to be concerned whether the claims of safety of such
structures could be substantiated. The requirements for such substantiation are knowledge of
all the critical points of the structure at which fatigue cracks may initiate, an assurance that
cracks will not initiate simultaneously in parallel redundant members, an evaluation of the
strength of redundant structure with a member cracked, an assurance that such a crack will be
found by inspection if such inspections are timed regularly, and an assurance of the adequacy
of the strength with one member cracked. The approach necessary to provide adequate assurance
of safety was very fully discussed by R. R. Shaw in a paper to the Aeronautical Journal.2 

2

Concurrently with the full scale fatigue test investigations, basic studies of the mechanism
of fatigue of metals were being riade by Wood and Head 2 6 and by Davies and Mann,2 7 and
on statistical properties of strength and endurance, 28 while a theoretical model for fatigue crack
propagation in metals was devised and studied by Head.2" Fatigue testing techniques were devised
and improved for the testing of material specimens (again following the recommendations of
Wills) as early surveys showed that test results could be meaningless without adequate control
on metallurgical variables, manufacturing and testing procedures. Investigations covered the
effects of surface finish, 30 various methods and degrees of heat treatment3 and of protection
coatings, 3 2 and various processes for forming fastener holes in sheet material, to name just a
few.

In October 1951, complacency and a leisurely approach io fatigue was shaken by the crash
of a Dove aircraft, VH-AQO, at Kalgoorlie as a result of primary structural failure. This aircraft
had flown more than 9000 hours wlh'n the failure occurred, in an area having no obviously severe
stress raiser, and no apparent source of unusually high nominal stress. Members of DCA
accident investigation team were flown to the scene of the accident in another Dove, VH-AZY
(also with about 9000 hours). When the fatigue failure in the crashed aircraft was identified,
inspection of VH-AZY revealed cracks on the right- and left-hand sides of the wing carry-through
structure, similarly located to the critical crack in VH-AQO. No aircraft elsewhere in the world
had exceeded 3000 hours service at that time.

9



The accident raised several urgent questions:
"Why should a failure occur in an aircraft carry-through c.omponent whose strength com-

plied with specification requirements, which had neither excessive nor avoidable stress
raisers, poor design, faulty manufacture nor any other obvious reason for rejection •";

Did the increase of all-up weight from 8000 to 8500 lb have any significant effect ?", and
"Could such an early failure hase been predicted from a knowledge of the flight loads and

the fatigue properties of the structure?".
In an endeavour to answer these quesnons an assessment of life was made at ARL An

immediate difficulty was the lack of data specifically applicable to the problem. The frequencies
of gust loads were estimated, using data from V-g recorders functioning in DC-3 aircraft operat-
ing in Western Australia, supplemented by data on small gusts derived from the USA. No
fatigue data of any sort were available for the material DTD363 of which the failed part was made.
so data from the Boomerang and Mustang tests were used, after adjustment for the higher
strength material using comparisons between riveted joint performances of high strength 75S
alloy and lower strength 24ST alloy.

This life assessment revealed " that:

(u) An early failure would have been predicted (scatter range 3200 hours to 15,000 hours).
(b) The scatter in lives of identical structures (deduced from fixed amplitude laboratory

tests) is greater than was generally realised. The service life figure must be chosen below
the minimum calculated figure-

(c) The increase in permitted all.up weight from 8000 ib for the prototype to 8500 lb for
production models would have had a negligible effect on life.

(d) If the part had been designed in 24ST to the same static design load factors, an increase
in the life of from three to five times would have resulted, with a negligible weight
penalty.

The analysis accented the need for additional research on properties of DTD363 alloy, if
it was to continue to be usee in aircraft construction, and for a rational service life test. A service
life test for this wing was proposed, but not implemented. A type of fluctuating load test had been
made by the manufacturer on a test wing. even though none was mandatory by the airworthi-
ness authority. It was the Australian view that this test was too mild to be representative of the
Australian operating conditions. It has subsequently appeared that the test specimen was a wing
(and centre section) ,h~ch had already been subjected to a static test to design ultimate load, and
hindsight makes it clear that the test specimen's fatigue endurance would have been enhanced
thereby, in a way which did not occur on aircraft for service.

This accident confirmed, if confirmations were necessary, the fears regarding the deteriora-
tion of safe operating lives of newer aircraft, and the Department of Civil Aviation decided to
undertake a detailed fatigue analysis of every regular passenger transport aircraft type operating
in Australia. An immediate action was to extend the flight load data collection programme to
Dove, Bristol Freighter and Viscount aircraft and to prepare a generalised survey of materials
fatigue data in preparation for the proposed analyses.

In November 1953 there occurred the crash of a Bristol Freighter aircraft of the RAAF,
within sight of the Mallala aerodrome while undertaking "navigational training" duties, on the
day prior to an air display there.

Analysis of the wreckage revealed that the structure, though not old in tlying hours, had
significant structural deterioration in the way of worked rivets, ill-fitting stressed-door bolts, and
a small unrepaired fatigue crack, sufficient to reduce its strength significantly below design
strength but not necessarily below limit strength, and it had failed in a high load and high speed
manoeuvre.

The mid 1950s saw a growing interest in experiments on the accumulation of fatigue damage
in irregular load sequences. Numerous ideas were current, including the inertia-loaded notched

specimens to be carried in an aircraft, designed to fall off when the aircraft was about to become
unsafe, or the specimen loaded by replay of a tape recording of the stress history recorded in
flight. An ingenious testing technique of fatigue testing under random noise history was
developed in 1955 by Head and Hooke."' A small notched specimen was loaded by amplified
electronic random noise' ,n absolutely random process in which all of the statistical properties
of the fluctuating wave form were completely specified by only three parameters, the mean
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frequency, the r.m.s. value and the coefficient of damping. This technique has since been used
and further deveroped in the UK. USA and Europe.

The Near 1956 saw the International Conference on Fatigue of Metals, held in Londcen and
New York jointly by the Institution of Mechanical Engineers and the American Society of
Mechanical Engineers. Australia was represented, in person, and by four papers, covering full
scale tes:ing, small specimen random noise testing, and effects of fretting in fatigue. At the same
time a broad survey of the current state of the art of structural fatigue research, and of current
problems in fatigue life estimation, was made.38

In 1957 'here occurred in Brussels the Conference of the relatively young International
Committee on Aeronautical Fatigue, with Australia participating as part of the B.-itish dele-
gation. The possibility of Australia's membership was raised and subsequently effected, so that
at the 1959 Conference in Amsterdam Australian membership was confirmed and papers on
fatigue of wing structure by Payne"3 and on the safety of fail-safe wing structures by Ferrari,
Milligan. Rice and Westons" were read.

3. THE SIXTIES

Early in 1960 the need for rc'earch in relation to civil aircraft problems became sufficientiy
acute,that the Department of Civil Asiation made arrangements with the Department of Supply
to fund eleven additional research positions in the Structures and Materials Divisions, in order
to apply greater effort upon bas',c and applied projects for DCA. The additional staff, some
recruited from the UK, brought enhanced progress to a number of the studies of DCA interest.
particularly in relation to the studies of operating loads on transport 35 and agricultural
aircraft.-•'

Airworthiness investigations on the Dove aircraft had led to fatigue tests by the manu-
facturer of a pair of mainplanes which had been in service for about 16,000 hours in Western
Australia. The manufacturer's test was carried out at constant amplitude, viz. at I g ± the load
of a 12 fps. EAS. vertical gust, and it endured until a total equivalent lifetime of 57,350 hours.
There was, however, considerable doubt in the Department of Civil Aviation and in the Aero-
nautical Research Laboratories concerning adequacy of single-load-level testing to represent a
gust spectrum with ground to air cycles (when the only S-N data were results pooled from tests
on other wings). and doubt also on the significance of the life of 57,350 equivalent hours of service
and laboratory testing. It was therefore decided to carry out a laboratory test at ARL of a com-
plete wing and carry-through structure under a five-load-level block programme sequence, in
which one of the blocks was to represent the ground load effect. The wings had been modified
in a highly loaded area near their root by the splicing-in of a length of steel spar boom in the lower
part of the main spar, and the tests were intended to reveal the properties of the wing as a whole,
the life of the modified boom and splice, and that of the tension boom of the carry-through
structure. The tests continued for a period of nine years till the wings failed catastrophically
at a life of 135,000 equivalent hours. To reach this lifetime the carry-through tension booms
had to be replaced a number of times.

The tests showed firstly that the test endurance of wing carry-through tension booms of
the original design (having a nominal stress of 12,000 p.s.i. per g) was very close to the mean
service life of the boom causing the crash and of another found cracked in service. The dimen-
sions of booms varied from 31,, under to I10,, above nominal area, and surprisingly, the test
life of the smallest boom was the longest. A modified boom (having a nominal stress of 8200
p.s.i. per g) in the same material showed a fourfold increase in mean endurance, but a scatter
range of 41 to I, thus confirming a conclusion concerning scatter." Eventually these booms
were made in steel.

The wings generally suffered some 60 cracks of varying severity in the skin and round
cutouts: some were patched and some were untouched. An unanticipated catastrophic failure
occurred at 70,000 hours in the spar some nine feet from the wing root, where the tension spar
boom is spliced in manufacture, and the final collapse at 135,000 hours occurred at a fatigue
crack just outb(,ard of the splice of the modification steel insert into tht wing.

The tests"-4 " were taken as confirming the validity of the laboratory representation of
the Western Australian service spectrum, and also the merits of a multi-load-level programme
as compared with a single-load-level programme te~t for getting realistic endurance data. They
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showed ako that a wing not designed as fail safe could suffer many nuisance and non-critical
cracks- and that the repair of these will provide no safety against catastrophic collapse at some
hidden area where cracking is out of reach of detection methods. The tests also conclusively
demonstrated that for an aircraft of this type and in this material, a working stress of 12,000
p.s.i. per g was too high to permit a useful life.

Crack initiation and propagation in the carry-through structure was so variable in location
and rate that, with ins1 eclion methods available then (and possibly now), it could not be treated
as safe-by-inspection; both the wing carry-through structure and the wings themselves had to be
treated as "safe life" and, with modifications designed by the manufacturers, reasonably eco-
nomic safe lives were achieved.

During the next two years the subject of fatigue was to become a matter of major concern
to the RAAF. first through the issuing in the UK of a safe life figure for Lincoln bombers, a
figure which had already been exceeded by the Australian fleet of Lincolns, and secondly, by the
adoption by the RAF and the RAAF of a new type of bombing manoeuvre for Canberras,
called "Loft Bombing*, which involved the aircraft in severe manoeuvre loads applied just
before the bombs were -eleased. 500 hours of which service was reputed to exhaust the available
fatigue life of the aircraft

The conclusion had king been held that life evaluations for specific aircraft could not be
confidently based upon generalised loading action data. Accordingly, flight load investigations
were set in hand, using unattended recording instruments, in Canberra, Sabre, Vampire, and
Winjeel aircraft, while later, when Mirage aircraft were chosen as Australia's front-line aircraft,
every aircraft of the fleet was fitted with a flight load recorder on delivery to the RAAF, as a
precautiomi against the possible need for such data. Thus began a reverse defence technological
spin-off; fifteen years of basic and applied research, triggered by a civil avialion need, suddenly
found application in a defence area. Though these investigations carried the priorities accorded
to the Services. nevertheless the needs of DCA were not entirely submerged, and similar studies
were carried out on Douglas DC-6 and Viscount transport aircraft, and on Cessna, Beaver,
Prospector and Cropmaster agricultural aircraft.

The grounding of the Lincoln fleet could not be countermanded. Studies by ARL of the
Canberra problem of loft bombing.4 .

4 ' revealed that, it being a !ong range aircraft, fuel was
a large par. of the disposable load, and the original flight fuel usage procedure was to use fuel
from wing tanks first and fuselage tanks last. The proposal and adoption of a new procedure
of using fuselage fuel first optimised the inertia relief from wing-carried fuel, and markedly
reduced the manoeuvre stresses at fatigue critical regions. The fatigue damage analysis was
developed into a simple formula so that the calculated consumption of available safe fatigue life
could be updated regularly from operational and flight records. In consequence a fleet life-of-
type of over 20 years was achieved with confidence throughout that the fatigue risk was negligibly
low.

Attention was then directed, both in the UK and Australia, to fatigue of Vampire jet trainers.
UK tests had revealed a most critical region in the lower part of the outer wing main spar at a
point where, merely to provide attachment for a piece of wing skin, four screw holes were drilled
into the spar boom. UK analyses prescribed a safe life of about 2000 hours, but the UK would
not support the same life for Australian-built Vampires because of a difference in the diameter
of these four screws, and evidence from a small specimen test series at the RAE, Farnborough,
suggesting that screws as used in Australian aircraft were inferior in fatigue pcrlormance to those
as used in the UK. A wing test programme was therefore commenced in Australia, using a
loading spectrum identical with that used in the UK tests, to establish the life of the Australian-
built wings. A suggestion had been made for "desensitising" the critical area by drilling out
the screw holes and replacing them with cylindrical pinned Chobert rivets, and a number of wings
were tested to evaluate this modification. The results of the tests"' showed conclusively that
the life of Australian-built wings was superior to that of UK-built wing., that the proposed modi-
fication was ineffectual, and tnat fatigue cracking in a number of other "nuisance" areas occurred.
As the spar tension boom was the critical component, two tests were -arried out on wings in
which a cracked tension spar boom was extracted and a new boom riveted in its place. It was
conclusively demonstrated that the life could be daublqd by so doing. The Vampire wing has
several stress-carrying doors covering openings through which wing fuel tanks are inserted.
The tests also showed that fatigue life was enhanced by continuously maintaining a high standard
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of tightness of the wcrew, attaching these doors. bu* use could not be made of this result, as it
was only learnt after service aircraft had operated for long periods with a lesser standard of
tightness. Life esaluations for the Australian load spectrum based upon these tests, showed
adequate life for the RAAF's purposes, and the expedient of replacing spar booms was not
utilised

During the ear!. 1960, the RAAF also operated the Winjeel trainer, Sabre fighter. Hercules
transport and Neptune maritime reconnaisance aircraft. None of these aircraft had been the

5ubject of fatigue stud, in the design [tage. though Sabre had subsequently been fatigue tested
by the manufacturer to investigate whether it could be regarded as fail safe- Because of RAAF
concern for the safety of all its ai,.raft, and because it was beyond the capacity of ARL to
investigate them all at the same time. it was decided to engage the services of the aircraft industry
initially in a training role under the supervision of ARL to investigate the life of each of these
t.Npes. The plan would relieve ARIL of engineering work load and would build up industry's

expertise in the calculation phase and in the conduct of airworthiness tests leaving ARL freer to
press ahead with more basic work and newer developments. The plan was put into effect with
Commonwealth Aircraft Corporation co-operating most enthusiastically, and the scheme
operated to mutual benefit. During this period was developed the idea of determining fatigue
critical areas (sometimes known as "control points") from a survey of the regions of high
nominai stress and an estimation of the local stress concentration factors. St'dy of the Winjeel
aircraf;. which had been designed by CAC, showed that in each of the fatigue critical areas
except one, the s(ructure was inspectable and had "fail-safe" properties, so that safety could be,
and in fact was, achieved by inspection for cracks at regular intervals. The one non-fail-safe
area was in a continuous chordwise bolt-angle joint, and an adequate safe life at this point was
-.alidated by a component test, under stress conditions very carefully established from comp,-e-
hensive flight strain surveys.

Although it is true that military aircraft are employed for shorter lifetimes than civil air.

craft, it may be taken as a tribute to the co-operation between the Laboratories and industry that
there has never been a fatigue failure in service ofany RAAF aircraft type validated in this way.

In September 1963 and again in July 1964, agricultural aviation was shocked by the crashes
of two Beaver aircraft, all the more disturbing because safe life estimates had already been promul-
gated for this type,'"'•7 and these had been based upon component fatigue tests by the manu-
facturer. At the request of DCA further more detailed flight tests were undertaken' 3 -" to support
a re-examitatior of the problem."0 This work showed that although the pattern of oper.ting
agricu!'ural aircraft was fairly standard, there was an Lxtraordinarily iarge variabili!t in the
applied loads, as a result of variations in the severity of atmospheric turbulence conditions, and
variations in the severity of manoeuvring loads imposed by different pilots: it also revealed 'hat

assembly alignment of the wing strut lug produced additional bending stresses not present in the
component fatigue test, thus giving further support to the now universal practice of, validating
the safe life by a comp'ete structural fatigue test. And when. soon after, a fatigue problem was
suspected in Cessna aircraft, used in both military and civil roles, a full scale test was set in hand
by ARL. using a test spectrum which was an agreed compromise between the military and civil
conditions.

During !his petiod concern grew in relation to :he confidence which could be placed in
fatigue life estimates. Confidence is the antithesis of variability, and an intensive study was
made by Ford, Graff and Payne"' and by Jest and Verindersz of statistical aspects of sUructra!
endurance, and by PattersonS3-5' of statistical aspects of applied loads. These studies were
eventually to convince the authorities that assessment of fatigue risk is notional rather than
precisely quantifiable: that estimates c. -" only be estimates for the many based on tests on the
few: that the absolute in safety does not exist . and that inspectability engenders more confidence
than non-inspectability.

During this period also, materials fatigue testing was to investigate a number of relevant
effects in aircraft alloy behaviour, including fretting," vapour and grit blasting,"' aged
structure,s' storage and cleaning and hatch to batch variations. Particularly significant were
tests on an aluminium alloy containing 0-3% silver, Australian invented and patented, with the
aim of giving improved stress corrosion and fatigue properties. This alloy was later to be used in
the Swedish SAAB Viggen fighter.
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The materials fatigue laboratory being virtually the only competent fatigue testing laboratory
in Australia also fouMn itme to perform fatigue tests for non-aeronauts customers, the Snowy
Mountains Authority and others, on welded low alloy steel, on precipitation hardened stainless
steel, on welded normalised Mn. Si steel, on high tensile notch tough steel, and so on.

The nature and characteristics of the turbulent atmosphere continued to be -in unsolved
problem, as it had been described by Wimperis in 1937 in recommending the establishment of
aeronautical research in Australia: "There is necessary the acquirement of knowledge of such
aspects of atmospheric structure as the size and intensity of vertical air currents, upward and
downward. Vertical currents having estimated speeds of as much as 30 feet per second are not
uncommon in Britain and America. Whether such conditions in Australia are more or less
severe than this is unknown, and in view of the rapidity with which conditions alter in this
country, it is possible that higher 'load factors' in construction may be found desirable." For
fatigue analysis purposes the choice had been made to acquire load history data specific to any
fleet of aircraft whose fatigue safety was in question. The data were used directly as an input to
a life calculation or a laboratory test programme- they were, however, often expressed in terms of
".effective gust velocity" by the use of a crude inverse transfer function. It was considered that,
if the transfer function of an aircraft could be accurately known, then the characteristics of the
atmosphere (the input) could be determined from a recorded response, and if the transfer func-
tions of two aircraft were accurately known, the response of the second, when passing through a
particular patch of turbulence could be calculated from the response data of the first.

Since the turbulent atmosphere is critical to the ultimate design strength of transport aircraft,
and, with respect to all aircraft, to their controllability, especially when servo controls or active
controls are used, and to their stability, as well as to their fatigue life in service, atmospheric
turbulence deserved study in its own right.

Little real progress occurred until instrumentation was developed capable of recording a
time history of the components of turbulent velocity along a line of flight, independently of the
response behaviour of the aircraft carrying the measuring instrument (a gust probe). It was in
1963 that this significant step forward was made in the study of the atmospheric environment in
Australia, through the implementation of a UK-Australian co-operative research programme
to measure high altitude atmospheric turbulence over Australia. This programme was managed
for Australia by Rider and for the UK by Anne Burns. The UK provided a Canberra measuring
aircraft with gust probe, while Australia provided ground, meteorological and flight record
analysis facilities. A significant number of mild to moderately severe turbulence events was
encountered, located, explored and measured,"'," contributing very significantly to the rather
meagre world knowledge, and providing data for analysis for a decade or more.

In 1966 ARL were invited to participate in the USAF programme "HICAT" which extended
clear air turbulence measurements into the stratosphere wherein SST aircraft of the 1970s were
expected to operate. A specially instrumented V-2 aircraft operated from Christchurch, NZ,
during June 1966, and RAAF Base Laverton during July 1966. From data tapes for the Australian
flights ARL made a detailed examination of stratospheric turbulence in the Australian region."°
With Concorde flights into Australia now a reality, it is interesting to recall that the 1-licat experi-
ment recorded significantly higher frequency of CAT in Australia than any other region which
was sampled.

By 1967 concern was being felt for the fatigue safety of the RAAF Mirage and it was
apparent that gust loading, particularly on the fin, would have to be established for RAAF opera-
tions of this aircraft. Co-operative engineering by ARL, GAF and the Ordnance Factory,
Maribyrnong led to the design and manufacture of a sophisticated gust probe capable of measur-
ing the full vector gust velocity at speeds including supersonic flight.

During 1968-9, measurements of gust velocity and aircraft response were collected including
three flights of severe low level turbulence in the vicinity of Richmond, New South Wales, on
II September 1969. Analysis of the data 61.6 2, 3,.6 confirmed the existence of significant
dynamic response to gusts of the Mirage 1110.

These data wcre of particular value in deriving a test load spectrum when it later became
necessary to urndertake a fatigue test in Australia.

During 1967 Mann published a monograph on Fatigue of Materials for engineers" through
Melbourne University Press.
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The year 1967 was particularly significant for Australian fatigue research, for in that year
the International Committee on Aeronautical Fatigue had chosen Australia as host country
for its Conference and Symposium. A number of overseas papers was presented, some by their
authors in person, and the meeting of overseas and Australian scientists proved stimulating to
both. The Department of Supply sponsored the Symposium, to which the opening address was
given by Mr. Wills, by then Chief Scientist of the Department of Defence. Proceedings of the
Symposium'were edited by Mann and Milligan. 66

4. THE F-ill ERA AND LATER

Australia officially took delivery of the first of its order of 24 F-I 11 aircraft in Forth Worth
on Wednesday 4 September 1968, but the delivery was halted when the news became public
that eight days earlier the F-I I I wing test article had failed almost at the commencement of its
fatigue test programme. This event assumed greater public significance than any other fatigue
failure in Australia's history. The RAAF immediately consulted the Aeronautical Research
Laboratories for assistance in interpreting the significance of the failure, in interpreting the
technical information as it became available from the USAF and the manufacturer, and in pro-
viding continued advice upon which the RAAF could make its decision that the remedies
proposed or implemented by the manufacturer rendered the aircraft suitable for acceptance.

The swing wings of this aircraft were pivoted upon a centre section or "wing carry-through-
box", shaped roughly like a large coffin with a bolted on lid with lugs at each end of the base and
lid, and made of ultra-high-strength D6ac steel-the first-ever use of a monolithic ultra-high-
strength steel structure of such size in aircraft. This first failure occurred in this box, in a region
remote from welding, commencing at a taper-lock bolt hole. Metallurgical study showed the
reamed surface to be different from others, and to incorporate a layer first described as "un-
tempered martensite" and later described as "white etching constituent", and it was opined
that it could have resulted from drilling the glass-hard steel, after heat-treatment, with a blunt
drill. Subsequent experiments were never to demonstrate convincingly that the metallurgical
structure could be duplicated by blunt drilling, nevertheless disassembly and reworking of all
of the 270 bolt-holes in the 24 Australian aircrift and in all the USAF fleet was implemented.

Substantiation of the specified life was never to depend upon one single test, and the next test
specimen, denoted FW-l, although performing much better, did not achieve its test target life,
nor did a third test specimen, denoted FW-2, from which it could only be concluded that the
inadequacy was not merely metallurgical, but was an inadequacy in fatigue design capability,
resulting from the dearth of prior experience in constructing, designing and operating with this
material.

In order to analyse and find a solution to this problem the US Government set up an
independent F-I II Scientific Advisory Board, under the chairmanship of Professor Holt Ashley,
and comprising experts on all branches of fatigue from all over the USA and this Board continued
to function until late 1971.

ARL's response to the RAAF's request for assistance was to make available scientists as
thought necessary to visit Fort Worth where the aircraft were designed and being manufactured,
to obtain at first hand information necessary in relation to determing F-llI's fatigue perfor-
mance in the Australian scene; to set up the ARL Scientific Advisory Panel, under the chairman-
ship of the Chief Superintendent, Dr. J. L. Farrands (now Chief Defence Scientist), to co-
ordinate every facet of Australia's fatigue expertise and provide the best possible advice to the
RAAF; and to second three ARL scientists to the Australian Scientific Advisory Team, led by
Air Commodore D. R. Cuming, which, in June 1969 spent several months in the USA evaluating
the aircraft with all of the data available, finally recommending to the Secretary, Department of
Defence and the Chief of Air Staff, not to accept the aircraft until substantial redesign of the
carry-through-box and further work on other parts were performed. In retrospect it is impossible
to avoid the conviction that Australia's rejection of the aircraft convinced the USAF procurement
agency that the aircraft as delivered by the manufacturer was not good enough for the USAF,
and that no effort of scientific investigation or political persuasion should be spared to upgrade
the aircraft to a level above USAF criticism and the more open criticism of Australian appraisal.

In this era there was a lack of knowledge of the fatigue performance of ultra-high-strength
steels in aircraft primary structure, as there had been of the high strength aluminium alloy
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DTD363 when the Dove accident had occurred eightcen years earlier. Most of what was known
had beef, determir, d b, the manufacturer in tes of large components which duplicated the
rear lower edge of the vwtng carry-through-box. At Australia's request twelve additional of these
large components were provided by the USAF to Australia to explore gaps in knowledge,
particularly on the scatter of perform..r.-c of this construction and on the performance under
the projected Australian usage -spectrum. Testing of these specimens required the design and
construction by ARL of a 5(K).000 lb testing machine (which came to be known as the
Humphries* rig). under high prir•ty and in a very short time scale.

Australian tests resealed a new problem: very rapid fatigue crack propagation in some
specimens. This was identified by scient.sts of ARL Materials Division to be due to corrosion
effects of various fluids used during the manufacturing operations. When one of the matching
halves of each suspectedly ccrrosion-affecled specimen was returned to the manufacturer for
analysis the ARL conclusionr, ,erc eventually agreed.

Mcanvhiie, late in l199 one 2ircr:'ft crashed as a result of a pre-existing crack which had
escaped production inspection -its location being in a wing pivot fitting of the same D6ac
material. After much scientific thought on both sides of the Pacific. the solution eventually
adopted to estabhish structural integrity, in the presence possibly of pre-existing cracks or of
residual fluids with corrodent propertie, was to proof load every aeroplane before delivery, or
as soon as possible, for aircra'; stieady delivered. The properties of steels arc thz't their fracture
toughness is lower at low tempera:,iie than at high temperature: and, as the aircraft operating
envelope included flight at up to 55.000 ft, it was decided to adopt "cold proof testing" in a cold
chamber at --40-C for all aircraft. The adoption of this procedure was vindicated bs the fact
that two from among the first 330 airframes failed on test. The test, in demonstrating some
superabundance of strength for operation at ambient conditions, allowed for a limited amount
of fatigue crack growth before strength would fall to the proof load value, and a routine of re-
cold-proof-testing at recurring intervalk was adopted to substantiate continued structural
integrity.

During the two years of its e',istence before Australia accepted the aircraft the Scientific
Advisory Panel examined every relevant aspect of the problem including scatter in fatigue of
ultra-high-strength steels,,b'. 6 fatiguc load monitoring in ser, ice," surveys of fatigue information
for ultra-high-strength steels -" fracture mechanics and fatigue crack propagatton.i' compari-
scns between the US -Composite Mission Analysis" and RAAF proposed g spectra, and so on.

In the final outcome, the decision to accept was taken in December 1971. with 240 modi-
fications to be incorporated before delivery, the major one being a teardown and replacement
with new-design heaviet wing carry-through-boxes.

During the F- I ll investigation the research work of the Structures and Materials Divisions
was surveyed, sharpened and redirected. The state ot the art of fatigue life estimation was
reviewed."2 Structural reliability theory was further developed.T '* providing local
estimates for permissible intervals between cold proof testing for Australia's F-Ill fleet, and
later, a basis for determining inspection intervals for Macchi centre sections," 7 ,', now being
operated on a "safe-by-inspection" basis. Fracture mechanics entered a new dimension, being
related to fatigue crack propagation, expanding to address the phenomenon of fatigue crack
retardation by high loads, using the technique .f Wheeler's model.

By mid 1972 the fatigue spotlight turned to Mirage as the economic situation preciuded
their replacement, and several aircraft had reached their permissible safe life. The latter was
based upon continuous load monitoring in flight, supported by shorter time flight strain tests,
and on a simplified fatigue test earned out by the manufacturer some 15 years earlier. Because
of the simplistic nature of that two-load-level programme test carried out upon the wing spar
alone, a larger scatter factor had been applied than would have been applied to a more represen-
tative fatigue test result, and in the prospect of benefitting by a lower scatter factor, and in the
sure knowledge that a more representatie test would engender greater confidence, such a test
was commissioned by the RAAF and undertaken by ARL with assistance from the industry.
Flight load data were reviewed and the load sequence was made as representative as possible' 0

and a computer controlled multi-jack test rig was built, to apply accurately controlled loads
upon a single test wing."

Humphries was the General Dynamics engin-er who conceived this test specimen.
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The wing fa;!ed catastrophically and without warning after 35,000 simulated Ilights. at the
same location as in the French test and at the same equivalent lifetime. The complete wing was
not inferior in fatigue to the wing %par. The catasirophic failui., occurring in the wing spar, was
shown by a technique of backward-looking fracture analysis 8 ' to have been present for more
thar, half the lifetime. It was, however, preceded by a crack in the integral fuel-tank skin, com-
mencing at about one quarter of the final life, though this crack did not significantly weaken the
wing. Had the sequence been repeated in service leaking fuel would have given prior warning of
fatigue. After collapse the wing spar was found to have eight other craci's in bolt holes, some as
large as 5 rmm long and 10 mm deep, and it may be concluded that, if ao crack had initiated
at the collapse location.collapse would haveoccurred at some other location soon thereafter. It was
significant, however, that the wing did not crack in the lug at the root- the !ocation calculated
to be the most critical. The result gave confidence in the adoption of a lower scat:er, and therefore
an extended safe life. Close liaison is being maintained with Switzerland, where a complete air-
frame is to be fatigue tested, with a view to determining with greater confidence the safe life of
other regions.

Within this period of intense activity upon the more specific problems of fatigue ;ife assess-
ment, much th-'ught has also been given to the objectives, philosophies and proce.ures of
fatigue testing-" The Commonwealth Advisory Aeronautical Research Council has requested
members to compare their methods of deriving safe lives for airframes (and engines) with a view
to standardisation of procedures, anct as a follow up, the subject became a major topic f'or
discussion at the Eighth Symposium of the International Committee on kircraft Fatigue held in
Lausanne, Switzerland, in 1975.83 The last word on the subject has not yet been spoken, for the
topic of Aircraft Life Estimation is the major topic for the Ninth Symposium of ICAF in
Darmstadt in 1977- I do not doubt that Australia will have something to say.
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DISCUSSION

R. B. Douglas (Department of Tran.sport)
I would like to comment on the historical aspects of Dr. Hooke's presentation. Firstly, in

the RAAF Bristol Freighter accident, fatigue was on'y a relatively minor contributory factor,
and the accident perhaps should not be classed as a fatigue accident.

Secondly, Dr. Hooke has made no direct mention, either in his written paper or in his
presentation, of the most tragic and spectacular of all Australian fatigue accidents, Viscount
aircraft VH-RMQ at Port Hedland in 1968. This accident had a significant effect on subsequent
fatigue work, and on the attitude of the Australian operator and the (then) Department of
Civil Aviation.

No mention has been made of the two Australian helicopter fatal fatigue accidents, nor of
the two fatal accidents following propeller fatigue failures. Indeed, it is disappointing to note
that the theme of this Symposium is limited mainly to structural fatigue of aeroplanes, heavily
laced with Mirage and F-Ill ; and that rotorcraft and accessories like power plants, propellers,
and landing gears, have largely missed out.

Dr. F. H. Hook e
I think it appropriate to regard the RAAF Bristol Freighter accident as a fatigue accident,

in view of the findings of the team which investigated it. The wing had failed in a primarily
torsion mode, and the failure path proceeded right round the wing torsion box, starting from an
unrepaired fatigue crack in the skin. The wing had other aspects of structural deterioration also.
It will be appreciated that it is difficult to determine exactly the strength of such a cracked
structure; nevertheless the investigators concluded that the strength had fallen to a value below
ultimate design strength, but not below limit strength. In my opinion it would not have failed
under the applied loads if the structure had been intact.

I agree with Mr. Douglas that mention should have been made of the Viscount aircraft
VH-RMQ accident at Port Hedland in 1968. 1 do not know if it was more tragic or more spec-
tacular than other fatigue catastrophes, but it proved to be most significant, in that it caused the
then Department of Civil Aviation to ban further use of that type of aircraft in Australia-an
action which I believe it had not taken before or since.

Limitations of space have prevented me from detailing failures of propellers, power plants,
landing gears, etc., and although the Laboratories have been involved in accident investigations
of helicopters, we have done no research on the subject, apart from what might be regarded as a
mechanical engineering investigation on rotor gear boxes. I think Mr. Douglas is right, that there
is probably a large amount of information on non-structural fatigue investigations, but these
"were beyond the scope of my paper.
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MECHANISMS OF FATIGUE AND FRACTURE

by

S. P. LYNCH

SUMMA R Y
This paper revie'ws mechanisms of fatigue and fracture with particular riference to

the author's research at A RL. Overload fracture, liquid-metal embrittlement, stress-
corros.ion crackipig, fatigue-crack initiation, fatigue-crack growth and corrosion-fatigue
are discussed and related. Observations suggest that crack growth in many metallic
materials generally occurs by plastic flow and that fracture characteristics are deter-
mninedc mainl' b) the distribution of slip around crack tips. This distribution governs
ductile versus brittle behaviour and is influenced by microstructure, stress intensity,
temperature and environment; the effects of environment are attributed mainly to chemi-
sorption at crack tips and are discussed in some detail Changes in microstructure induced
by cyclic stress, and the association of such changes with inti.ation and growth oafatigue
cracks, are also examined. Relationships between crack-growth rates and stress-intensity
factors, a-d the application of mechanistic understanding are then briefly discussed.
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I. INTRODUCTION

Design of components and predictions of crack-growth rates, even when based on linear-
elastic fracture mechanics, have limited accuracy since the effects of

(a) plasticity,
(b) microstructure, and
(c) environment

on track initiation and growth are not adequately taken into account. Useful predictions of crack-
growth rates under complex conditions, however, should be possible by using fracture mechanics
in conjunction with ana!vsc-s of plastic strain around cracks on the basis of an understanding of
mechanisms of fracture. The author's research at ARL has been mainly concerned with the
mechanistic aspect, particularly with respect to fatigue and corrosion- fatigue, since these pro-
cesses are involved in the majority of servire fail,i.es.

Corrosion-fatigue obviously cannot be considered without understanding
(a) fatigue in inert environments, and
(b) stress-corrosion cracking (SCC).

Likewise, fatigue and SCC cannot be understood without considering critical (over!oad) and
sub-critical crack growth under sustained stress in inert environments. A review of the
mechanisms of all these processes, with particular reference to the author's own work is presented
in this paper in the order indicated in Appendix I; particular attention is given to fracture
surfaces since studies of fracture-surface topography (after fracture under controlled conditions)
not only previde information regarding atomic mechanisms of fracture but also aid diagnosis
of service failures. Some common fractographic characteristics, general fracture trends, and
terms used in the present paper, are outlined in the Appendix. References [-6 give comprehensive
reviews of the various subjects.

2. OVERLOAD FRACTURE

2.1 General Considerations

In general terms, the reduction of elastic strain energy provides the driving force for crack
growth. At the atomic level, fracture may occur by

(a) tensile separation of atoms at crack tips, or
(b) shear movement of atoms at crack tips.

Elastic strain energy may also be relaxed by plastic flow, producing blunting of (initially sharp)
crick tips. These processes are discussed in more detail below; factors determining ductile versus
brittle behaviour are ther considered, followed by some emamples from the author's studies on
ter.sile fracture in Al-Zn-Mg alloys.

2.2 Crack Growth by Tensile Rupture of Interatomic Bonds

The work required to propagate cracks by tensile rupture of bonds (Fig. I). with only elastic
deformation around crack tips, is equal to the surface energy of the crack faces. (This energy
balance leads to the well-known Griffith's criterion.) To allow for the plastic flow which may
be associated with fracture by tensile rupture of bonds, a plastic-work term (corresponding to
the extra energy required to move dislocations in the stress field of cracks) is added to the true
surface energy.

Materials in which dislocation movement is extremely difficnlt, e.g. diamond at low tem-
peratures, or materials with abnormally weak atomic bonding across some plane, e.g. mica,
probably fracture by a bond-rupture process. Petch' and Beachem.7' however, suggest that true
(absolute) brittleness is rarer than commonly supposed (a view shared by the present author
and discussed further in connection with liquid-metal embrittlement and corrosion-fatigue),
and that fracture in most materials occurs by plastic flow, i.e. shear movement of atoms.
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2.3 (rack Growth by Shear tlovement of Atoms

As summari'ed by Petch. .any injection of dislocations into, or emergence of dislocation,
(of opposite sign) from, the solid at the crack tip will extend the crack -although the details
may he complex Several workers".9 have proposed that crack growth may occur by alternate
shear on slip planes intersecting crack tips (F-ig. 2a) to produce "'flat", cleavage-like fracture
surfaces parallel to low-index cr~stallographic planes. For example, alternate shear on I I 1t
slip planes in f.c.c. materials could produce {1001 fracture surfaces: in b.c.c. materials, (1001
fractures could occur by alternate shear on :1 121 or I 10l planes and, in c.p h. materials, alternate
shear on pyramidal planes could produce fracture surfaces parallel to basal planes.

2.4 Blunting of Crack Tips

In many materials, crack-opening displacements (CODs) are accommodated by (plastic)
blunting of crack tips as well as by crack growth. A dislocation/crack-tip interaction producing
blunting is shown in Figure 2b. In specimens below general yield, extensive blunting requires
large strains -thead of cracks: large strains in small volumes of material ahead of cracks generally
require the operation lI at least five independent slip s, stems (von Mises-Taylor criterion)
and interpenetration of slip bands and cross-slip. '

The large plastic vtriins during blunting often result ir. separation of second-phase particle!
matrix interfaces, or fracture of brittle particles ahead of cracks, so that voids (internal cracks)
are produced. Further crack-opening causes further platic flow in the crack-lip region with
some crack advance and void growth: eventually, the ligament of material separating external

cracks and voids necks down and voids link up with externa! cracks (Fig. 3). The term microvoid
.oalcscence (MV(.) is gcnerally used for this mode of fracture and both fracture surfaces are
covered b "dimples". MVC is a very common fracture mode and dimples have been observed
after fracture by overload. SCC. and fatigue.

2.5 Ductile Versus Brittle Behaviour

It is commonly suggested that ductile versus brittle be;miaiour depends on the o.'7 ratio,"
where a is the tensile stress required to break atomic bonds at crack tips and 7- is the shear stress
required to move dislocations near crack tips (0 ig. '). Decreasing u, or increasing i-, increases
the tendency for (truce brittle fracture. This criterion, however, only differentiates the relative
tendencies for fracture by tensile separation of atoms and fracture by shear movement of atoms.
In many common materials, however, it is proposed thait ductile and brittle crack growth occurs
by plastic flow and that the balance between crack growth (by movement of dislocations on slip
planes intersecting crack tips) and crack-tip blunting (general diclocation movement around
cracks) provides a better explanation fur ductile %.-rsus brittle behaviour- Thus, the greater
predominance of slip on planes nterseciing crack tips over general slip favours brittle behaviour
(Fig. 4). Expressed in a different way, ductile-brittle behaviour depends on T, and 4,, where r-,
is the stress required to produce rapid crack growth by extensive nucleation (and/or egress) of
dislocations at crack tips and - is the generai strait, in an element of material ahead of cracks
at a stress of 7,: f, %ill depend on the number of slip systems ope-atine and the ease of slip -n
each system. and on the ease of cross-slip and interpenetration of dislocations in *his element
(Fig. 4)_

According to a criterion based on t,. if the stress required for dislocation nucleation/egress
at crack tips (r,) was decreased without affecLing the stress required for general slip, then crack
growth would occur at lower stresses and less general slip woald be activated, i.e. ev would

decrease and fractures would be associated with reduced ductility. (This situation is applicable
to LME and is discussed in detail later.) Likewise, if 7, was increased without changing the stress
required for general dislocation activity, then e, would also increase. Generally, however, factors
which restrict dislocation activity .e.g. precipitatian hardening) will increase both r, and the stress
required for general slip; moreover, slip flexibility is probably hindered to a greater extent than
dislocation nucleation/egress at crack tips, so that hardening processes decrease -t. This is
consistent with the observation that higher strength materials usually have lower fracture strains.
The transition from ductile to brittle fracture in b.c.e. aid c.p.h. materials, with decre•asng
temperature, could be explained along the above lines, since the number of slip systems operating

and slip flexibi!i:y (and, hence, t.) decrease with decreasing tenmp-rature.
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2.6 Tensile Fracture of AI-ZA-Mg

High purity Al-Zn-Mg alloys (on which the commercial 7000 series is based) ha.e been
extensively studied since they are the strongest of the aluminium alloys and their high strength-
to-weight ratio makes them attractive for aircraft applications. These alloys have low fractu,¢
toughness, and poor fatigue and stress-corrosion characteristics and, hence, studies have aimed
at understanding and improving these characteristics. The'r high strcngths are achieved by
precipitation-hardening (solution treatment at -450:C, then quench to 0-100'C and age at
100-180WC) and the resulting microstructures are characterized by fine dispersions of -mall
precipitates (MgZn 2) in grain interiors, coarser dispersions of larger precipitates along grain
boundaries,, and precipitate-free zones (PFZs) ,idjazent to grain boundaries (Fig. 5 inet).

Tensile fractures of high-strength AI-Zn-Mg alloys (both high purity and commercial) are
intercrystalline and the microstructure of grain-boundary regions predominantly controls the
initiation and growth of cracks. 2 Since deformation of very thin soft la~ers is normally con-
strained by surrounding harder regions, yielding of precipitation-hardened grains usually
occurs, then slip concentrates in PFZs. (PFZs behave differently during fatigue (discussed later).)
The mechanism of tensile fracture involves preferential plastic deformation in "soft" PFZs,
nucleation of voids by separation of grain-boundary particle/matrix interfaces, and growth
to coalescence of , oids resulting in dimpled fracture surfaces (Fig. 5). Fracture toughness is
usually low because the blunting accompanying crack growth is limited by the narrow PFZs
and large number of grain-boundary precipitates. Toughness, crack-blunting and the size and
depth of voids observed after fracture all decrease with

(a) increasing area fraction of grain-boundary precipitates, and
(b) decreasing PFZ width, if the area fractions of precipitates are small,

as illustrated in Figure 6.
Fracture surfaces of specimens with very narrow PFZs and/or large densities of grain-

boundary precipitates (very low fracture toughness) appear to be flat and dimples are not
observed in many areas (Fig. 5). However, since extremely small dimples (near the limit of
resolution of replicas) are observed in some areas, it seems quite probable that even smaller
dimples (below the limit of resolution of replica techniques) are present on apparently flat surfaces.
Alternatively, flat fractures would result if crack growth occurred by shear at crack tips with
insufficient strain ahead of cracks to nucleate voids. (It is less likely that flat intcrcrystalline
fractures are produced by "tensile separation of atoms" at crack tips, since it is known that
grain boundaries can act as dislocation sources and there are "soft" PFZs adjacent to
boundaries.)

The behaviour of narrow ("0-01 Mm) PFZs in the Al-Zn-Mg during tensile and fatigue
stressing (the latter is discussed later) was simulated on a larger scale by "model" specimens-
the larger scale facilitating observation of the deformation and fracture processes. Model speci-
mens consisted of a soft layer (e.g. of lead or tin), some hundreds of micrometers thick, sand-
wiched between (and bonded to) harder regions (e.g. of Pb-Sn-Sb alloy) (Fig. 7). Tensile fracture
of model specimens (as with Al-Zn-Mg specimens) involved deformation concentrated in soft
layers resulting in MVC. Fracture-surface dimples in model specimens were about 3-4 orders
of magnitade larger and deeper than those produced after fracture of AI-Zn-Mg (Fig. 8). Fracture
by MVC occurs in a wide variety of materials and circumstances, probably because the process
is able to operate over such widely different microstructural scales.

3. SUB-CRITICAL CRACK GROWTH UNDER SUSTAINED STRESS

3.1 Inert Evirueamems

Sub-critical crack growth under sustained stress in inert environments generally does not
occur in engineering/aircraft materials at ambient temperatures. At higher temperatures (normally
>0-5 melting point), thermally activated (creep) processes, such as diffusion, dislocation cross-
slip, climb, grain-boundary sliding, may result in crack growth. In high purity Al-Zn-Mg alloys,
however, slow crack growth (10-` m/sac) associated with creep does occur at room tempera-
ture-" at higher temperatures (- 1600C), crack-growth rates in dry air or paraffin oil are quite
rapid (- 10-s m/see) at high stress intensities and crack growth occurs by MVC probably as a
result of thermally-activated dislocation glide.
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12 Aggressive Environments (SCC, LME)

3.2.1 General Comments

Many mechanisms have been proposed for SCC,: but there is no general agreement that
any of the proposed mechanisms is valid for any particular system. This situation has arisen
largely because of the variety and complexity of reactions that can occur btween material and
environment. SCC theories rall into four main classes (Fig. 9) based on

(a) dissolution (-.g. of anodic precipitate,),
(b) (oxide) film formation followed by fracture of the films,
(c) diffusion of embrittling species (such as hydrogen) ahead of cracks, and
(d) embrittlement due to cherrisorption at crack tips.

(The theories have also been applied to corrosion-fatigue.)
All the above theories and combinations of them have been proposed to explain SCC in

aluminium alloys. In recent work,." " the author has attempted to resolve some of the cororo-
versies regarding mechanisms of SCC and corrosion-fatigue. Studies have been undertaken of
sub-critical crack growth under sustained ard cyclic loads in AI-Zn-Mg alloys in various
environments, viz. liquid metals, aqueous solutions and water-vapourair. Liquid-metal environ-
ments were studied since, in the cases selected, the environment-metal reaction could only involve
chemisorption of liquid-metal atoms at crack tips. Thus, an indication of the relevance of chemi.
sorption (compareo to other processes) to SCC and corrosion-fatigue should be obtained.
Liquid-metal embrittlement (LME) is also of practical importance in some circumstances, e.g.
transport of cadmium from surface plating to tips of cracks in steel can enhance crack growth;
this effect can occur below the melting point of cadmium due to surface diffusion.

3.2.2 Liquid-Metal Embrittlement

The %er) rapid crack growth and the negligible mutual solubilities of solid and liquid
metals in many systems indicate that neither diffusion of liquid-metal atoms into solids nor
dissolution of the solid metal is r.ecessary for the growth of cracks. In the past, it has been
assumed 3 that chemisorption of liquid-metal atoms lowers the tensile strength, ,7, of atomic
bonds at crack tips without significantly affecting the shear stress, T, required to move dislocations,
so that crack growth then occurs by repeated adsorption and breaking of bonds at low applied
stress. Fracture surfaces produced by such a "bond-rupture" process would be fiat and little
deformation would be associated with fracture. It is implicit that, if some dislocations do move
in the stress thelds of such cracks, they generally do not intersect crack tips or cause blunting.

In recent studies"',' of LME, slip densities and distributions indicated that dislocations
did intersect crack tips. Moreover, dimpled fracture surfaces, observed after LME, indicated
that microvoid3 nucleated and grew ahead of cracks and, hence, that some blunting did occur
at crack tips. Some examples are

(a) LME of Al-Zn-Mg alloys resulted in dimpled fracture surfacesý however, compared to
overload fracture the dimples were smaller, shallower, and more elongated, and defor-
mation in grains was not as extensive (Fig. 10)

(b) In the Sn/Pb-Sn-Sb "model" specimens (described earlier), where crack growth in air
produced very large, deep dimples, fracture in liquid gallium resulted in very shallow
dimples on intererystalline facets (Fig. 11).

(c) Fracture of polycrystalline cadmium in liquid gallium occurred with near-zero reduction
of area, while specimens tested (in tension) in air elongated considerably and necked
down to a chisel edge (RA - 100%) (Fig. 12). LME fractures showed cleavage-like and
brittle intercrystailine facets (Figs. 13, 14) which were covered by shallow, elongated
dimples (revealed by examination at high magnifications) (Fig. 15).

Thus, it is concluded that, although LME is associated with considerably less plastic defor-
mation (and much less crack-tip blunting) than fracture in air, crack growth in liquid-metal
environments occurs by plastic flow (shear movement of atoms) rather than by tensile separation
of atoms at crack tips.

LME could be explained on the basis that chemisorption of liquid-metal atoms facilitates
nucleation and movement of dislocations on slip planes intersecting crack tips. There is
evidence'" that, since atoms at surfaces (in vacuum) have fewer neighbours than atoms in the
interior, the lattice-spacings in the first few atomic layers 'iffer from those in the interior (Fig. 16).
It has been suggested 7 that such "surface-lattice distortion" should hinder the nucleation
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and egress of dislocations at surfaces. Since chemisorption of environmental species at surfaces
should reduce this " surface-lattice distortion""s (Fig. 16), nucleation and egress of disloca-
tions at surfaces (crack tips) could be facilitated by adsorption.

Adsorption-activated dislocation nucleation/movement on slip planes intersecting crack
tips would produce sub-critical crack growth (by shear) and would also result in fractures with
reduced ductility (less crack-tip blunting).* As discussed earlier, the balance between crack
growth and crack-tip blunting should be determined by the relative proportions of slip on planes
intersecting crack tips compared to "general" slip ahead of cracks. Chemisorption can promote
"the former (r, decreased) but cannot affect the stress required for general dislocation movement
ahead of cracks.t Thus, crack growth can occur at lower stresses and dislocations ahead of
cracks are then not activated to the same extent (,q decreased) in liquid-metal environments.

3.2.3 Environmental Factors

The degree of embrittlement of solid metals by liquid metals varies widely and depends
on the metals involved, their composition, the microstructure of the solid, and temperature.
On the basis of the mechanism of LME outlined above, larger reductions in "surface-lattice
distortion" by adsorbed species should produce greater embrittlement. Increased coverage of
the surface by chemisorbed atoms' should also increase embrittlement since longer (surface'
dislocation sources, which probably require lower activation stresses, may then be nucleated.
Thus, embrittlement should be 1- omoted by high affinities ofad&,,1bates for metals, accompanied
by high activation energies for any reaction- the latter determines the relative life of adsorbates
on metal surfaces before chemical reactions (dissolution, compound formation) occur. This
prediction is consistent with the general trends (from limited data) noted 3 for embrittlement
couples; embrittlemett is unlikely if the two metals involved readily form high-melting-point
compounds or show significant mutual solubility, and large interaction energies betweeen solid
and liquid are conducive to embrittlement. "9

There is no apparent reason why chemisorption of species other than metal atoms should
not cause some embrittlement, although metal-metal interactions are likely to be much stronger
than metal'non-metal interactions. Evidence (discussed below) supports this contention and
suggests that adsorption-activated dislocation movement is probably the most important factor
in hydrogen embrittlement (HE), SCC and corrosion-fatigue.

3.2.4 Hydrogen-Embrittlement and Stress-Corrosion Cracking

The hydrogen (gas)-iron (solid) couple satisfies most criteria suggested as prerequisites for
LME and hydrogen-metal bonding is essentially metallic. The mechanism proposed above for
LME could therefore be applicable to HE, although HE is more complex than LME since
hydrogen can readily diffuse into materials. This proposal is consistent with many characteristics
of HE and, in particular, with observations of iron surfaces in the presence of hydrogen using
field-ion microscopy; this work 2" suggests that nucleation of dislocations is catalysed by adsorp-
tion of hydrogen.

Analogies between SCC and LME 2' suggest that similar mechanisms are involved in beth
effects, e.g. cleavage-like fractures are observed for aluminium single crystals and polycrystalline
cadmium (Figs. 13, 14)'' in liquid metals, austenitic stainless steels in boiling MgCI 2 , titanium
alloys in methanol and others.' Thus, a mechanism of adsorption-induced alternate shear, pro-
ducing cleavage-like fracture surfaces, could be applicable to many cases of SCC. Previous
objections2 to an "adsorption-induced-cleavage" mechanism of SCC were mainly based on the
unlikely operation of a "bond-rupture" process during SCC. (It was assumed that cleavage
occurred by "bond-ruptur.-".)

The case for a common mechanism for LME and SCC, in AI-Zn-Mg for example, is sup-
ported by the following observations. Immersion of pre-cracked and loaded (to near Ke) DCB
specimens (of a particular heat treatment) in aqueous KI solution resulted in an increment of

0 An effect of adsorption on flow behaviour of uncracked specimens, with small surface-to-
volume ratios, would not be expected and is not observed.

t The high density of conduction electrons in metals screens out effects of chemisorption
within a few atomic distances of the surface; non-metals behave differently.

SPreferential chemisorption along grain-boundary/surface intersections would favour
intercrystalline fracture.
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very rapid sub-critical crack growth within I sec. of immersion- Such rapid rates (- 10 mm;sec)
of cracking in aqueous solutions (as in LME) strongly suggest that adsorption is responsible:
other proposed mechanisms of SCC involving dissolution, diffusion of hydrogen ahead of cracks.
oxide film formation, fracture, are unlikely to have time to occur. In addition, fracture-surface
appearance of LM E and SCC fractures and the extent ofdeformation accompanying crack growth
are similar; for example, sub-critical crack growth of AI-Zn-Mg (for particular heat treatments)
in liquid-metals, aqueous solutions and water vapour/air produces dimpled fracture surfaces
(Figs. 10, 17, 18) with dimples becoming smalier and shallower with decreasing stress intensity.
Dislocation nucleation movement, activated by adsorbed water molecul-,- would explain these
observations of SCC: other explanations are less probable. (In the case of SCC in water-vapour/'
air (20% RH), dissoluti3n cannot be involved since there is no liquid electrolyte at crack tips
at this humidity. Hydrogen gas has no significant effect on (fatigue) crack growth in aluminium
alloys and "'hydrogen-embrittlement" explanations for SCC in aluminium alloys do not seem
likely. Results cited in favour of hydrogen-embrittlement of aluminium alloys can be explained
in other ways. For example, reduced ductility of aluminium alloys due to pre-exposure to water-
vapour/air during aging, suggested by some workers 2 2 to be associated with diffusion of
hydrogen into specimens, is probably the result of intercrystalline pitting.' 5)

In some instances, other mechanisms of SCC could occur in conjunction with. and contribute
to, crack growth by adsorption-induced slip. In fact, dissolution processes probably predominate
during initiation of SCC and during crack growth at low stress intensities, esp'ecially in
".corrosive" environments. SCC by adsorption-activated plastic flow at crack tips is coi.ýistent
with the general trend that alloys of higher fracture toughness are more resistant to SCC. 1/f'ects
of microstructure and environment on sub-critical crack growth can generally be understookc
(qualitatively) in terms of the balance between crack-tip blunting and crack Zrowth discus.ed
for overload fracture (2.5). A more quantitative analysis would require a more detl' ;d under-
standing of adsorption and its effects on T..

4. FATIGUE--SUB-CRITICAL CRACK GROWTH UNDER CYCLIC STRESS

For convemence, the process of fatigue is generally sub-divided into various sI, '-. viz.
crack initiation, stage I crack growth and stage 11 crack growth; the last can also be sub-divided
according to stress-intensity regimes (Figs. 19a, b).

4.1 Initiation of Fatigue Cracks

The initiation of fatigue cracks in a wide variety of materials is associated with the
intrusion/extrusion phenomena, whose main features are summarized in Figure 20.23
Extrusions and intrusions generally occur along slip bands and grain boundaries (Figs. 21, 22)
and are asociated with localized fatigue-induced, or pre-existing, soft layers (-0- I j1m thick).
In Al-Zn-Mg alloys, intrusion,/extrusion occurs at PFZs adjacent to grain boundaries (Fig. 23)
and at transcrystalline slip bands in which re-solution of age-hardening precipitates has occured.*
In single-phase materials, fatigue can produce local softening along slip bands by recrystallisation
or possibly by formation of very fine sub-grain structures.

Numerous mechanisms proposed for intrusion/extrusion (reviewed in Reference 4) gave
no consideration to the associated microstructural changes and were generally unsatisfactory.
Improved understanding of fatigue crack initiation has been gained by comparing 2" the
behaviour of model specimens (soft layers - 100p m thick sandwiched between harder regions
(Figs. 25, 7)) with those of soft PFZs and slip bands in AI-Zn-Mg. Deformation of model speci-
mens in compression (and under cyclic compressive loads) results in extrusions of thin ribbons
of soft material (Figs. 26, 27). Similarities between model extrusions and fatigue extrusions were

(4) the extrusions sometimes "'curled over",
(ii) the extrusions were tapered,

* There has been some controversy whether precipitate-free slip bands in aluminium alloys
are induced by fatigue or are formed prior to fatigue by the quenching and aging processes.
However, it was shown"' that fatigue initially produces narrow discrete bands of high dislocation
density in "quench-bands" which usually contain only a slightly lower-than-normal density of
precipitates. Re-solution of precipitates then occurs within these bands, probably by a dislocation-
enhanced diffusion process; dislocations then re-arrange into a fine sub-grain structure within
the precipitate-free bands.
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(iii) the harder material adjacent to the extrusions deformed similarly
(iv) extrusion markings (parallel to ihe extrusion direction) were found on the surfaces of

both types of extrusions, and
(v) striations occurred on the surfaces of extrusions at right-angles to the extrusion marks

'in model specimens, these were found only after repeated comprecsivc loading,.

Tensile !ests on model specimens showed that soft zones were "sucked-in". thereby producing
intrusions kFig. 28). Thus, it was concluded that the model specimens successfully simulated

the behaviour of very thin soft layers in "real specimens". Experimental observation of deforma-
tion occurring during intrusionjextrusion in model specimens demonstrated that intrusion!
extrusion involved preferential plastic deformation within soft layers and relative displacement
of hard and soft regions by shear close to their interfaces; this pattern of deformation is predicted
by slip-line-field theory. Hence, it is reasonable to assume that similar deformation occurs in
PFZs during fatigue-crack initiation (intrusion).

Some apparent discrepancies were found between the behaviour of model specimens (which
was generally consistent with the predictions of macroplasticity theory) and the behaviour of
PFZs in Al-Zn-Mg. In particular, intrusion/extrusion at pre-existing PFZs at grain boundaries
occurred at much lower stresses than predicted, but not until after a considerable number of
stress cycles; intrusions/extrusions then occurred only along short lengths of PFZs and
extrusions were much longer than predicted. Experimental observations showed that intrusion]
extrusion formation corresponded to the production of sub-grains within PFZs_ It is concluded
that, although deformation of very thin soft layers surrounded by harder material is normally

highly constrained, the fine sub-grain structures formed in soft layers during fatigue permits
their extensive deformation at relatively low stresses. The precise role of sub-grains in relaxing
the constraint is not clear, although the presence of sub-grain boundaries at the interfaces of
the hard and soft regions, where intense shear occurs, is probably significant.

Since intrusions are the precursors of stage I fatigue cracks, the process of crack initiation
under cyclic stress can be summarized thus:

(i) cyclic stressing produces localised microstructural changes and the formation of thin

soft layers sandwiched betwe:n harder regions (although soft layers may already be
present in some materials),

(ii) fine sub-grain structures form in soft layers and enable intrusion (crack initiation) to

occur during (local) tensile half-cycles,
(iii) formation of slip steps (or oxide films) on intrusion surfaces or other factors prevent

reversal of interfacial shear associated with ii-.trusion during unloading and/or reversal
of stress.

4.2 Fatigue-Crack Growth

Stage I crack growth occurs by the progressive development and linking-up of intrusions
along slip bands (Fig. 24 inset). Sub-grain formation often occurs initially along short lengths
of slip bands/PFZs, resulting in intrusion "tunnels" or "holes"; subsequent sub-grain formation
between tunnels enables their linking-up by intrusion. Similarities between intrusion/extrusion,
stage I and stage I1 crack growth, viz.

(i) the association of each with soft slip bands, PFZs and sub-grain structures,
(ii) the similar crack morphologies, i.e. tunnels at surfaces or crack tips extending into

slip hands/PFZs,

(iii) the similar striations on intrusion/extrusion surfaces and stage I and stage 11 fracture
surfaces,

all suggest that stage II crack growth can also occur by an intrusion process, illustrated in
Figure 29. The change from stage I to stage 11 crack growth probably occurs when the stress
intensity (and amount of slip) at crack tips increases sufficiently to produce soft slip bands on
several planes in the plastic zone ahead of cracks. Crack growth then occurs on those soft slip

bands/PFZs for which the resolved normal stress is most favourable.
After a crack growth increment by intrusion, compressive deformatinn does not reverse

the process but brings the opposite crack faces closer together and deforms the fracture surfaces
immediately behind the crack tip (Fig. 30): the next tensile half-cycle re-opens the crack and
produces another increment of crack growth. This loading-unloading sequence may produce
striations with a roughly saw-tooth profile with peak matching peak on opposite fracture surfaces
as is often observed (Fig. 31).
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At low stress inten•ities. striation spacings are arlen largcr than cected rrorn cr4±ik-
growth rates measurei by other methods, and average crack-growth rates may be less than
atomic spacings; these observations suggest that crack growth does not occur along all the
crack front on every stress cclc. Crack growth prubably does not alwa~s occur because. on sonmc
cycles, there is no soft band/sub-grain structure ahead of cracks (cf. crack initiation). In the
absence of soft bands ahead of cracks, crack-opening displacements could be accommodated
by plastic blunting without significant crack growth (Fig. 32); the tensile strain ahead of cracks
is then reversed during the compressive half-cycle. The cyclic dformation ahead of cracks.
which is associated with their opening and closing, may produce soft layers and sub-grain
structures, such that crack growth can proceed by intrusion.

In many instances, fatigue-crack growth may occur in the absence of soft layers ahead of
cracks by the process of alternate shear (or aiternate shear plus blunting) described earlier.
Several workers-' 2i26 "have proposed mechanisms o.' fatigue-crack growth baset, on this
process. Factors such as microstructure, stress intensity, and environment, probably determine
if crack growth occurs by alternate shear or by intrusion of soft layers. Intrusion is probably
most common at low stress intensities (and, therefore, during initiation and stage I crack growth).
in inert environments, and in ductile materials. At high stress intensities, CODs are often accom-
modated by crack growth (alternate shear), crack-tip blunting and formation of microvoids
ahead of cracks; dimples and striations, or just dimples, are then observed. Fatigue-crack
growth by alternate shear (in "aggressive" environments) is discussed further in 4.3.2- Regardless
of the precise mechanism, fatigue occurs because CODs are accommodated by crack growth,
while crack-closing displacements are accommodated by deformation of the fracture surface
immediately behind the crack tip, i.e. the forward slip processes are not reversed when the st'ess
is reversed.

4-3 Effet of Eaviromet oem Fatigue

4.3.1 Crack litiatidm

Surface-pitting produced by corrosion can sometimes facilitate crack initiation_ For example,
prior corrosion of AI-Zn-Mg alloys, producing ir.tercrystalline pitting (probably involving
dissolution of anodic grain-boundary precipitates), reduces the number of cycles required for
fatigue-crack initiation. 2' (Heat-treatment of pre-corroded specimens before fatigue-testing
improves their fatigue life, probably because grain-boundary migration/grain growth occurs;
corrosion pits are then not always located at grain boundary-PFZs and hence are not as
effective. 2 7) Crack initiation also occurs in fewer cycles when specimens are fatigued in aggres-
sive environments (compared to inert environments). this probably results from the effects
both of pitting mnd adsorption on the activation of surface sources of slip (described earlier).

In some cases, oxide films formed on surfaces by environmental reactions can increase
resistance to fatigue-crack initiation by suppressing sub-surface plasticity and formation of
slip bands."

411.2 Crack Grouth

In many materials, fatigue in aqueous environments generidly results in quite large increases
in crack-growth rates, compared to those in air, and in fracture surfaces characterised by "brittle"
striations: "ductile" striations are generally produce,' in air. "Brittle- striations, often on {100)
facets, are particularly favoured by low cyclic freqtm ies and applied anodic potentials," and
can be suppressed by cathodic potentials2" and/or addition of inhibitors to aqueous solutions."0

Both "ductile" and "brittle" striations are often observed on fracture surfaces (Figs. 33. 34),
probably because of local variations in microstructure and/or potential along the crack front;
brittle striations (Fig. 33) arm probably associated with locally anodic regions, possibly arising
at positions where the crack front intersect* voids nucleated ahead of cracks.

Fatigue of pure aluminium single-crystals in liquid-metal environmentS2 produced "brittle"
striations, and increased rates of crack-growth, compared to -ductile- striations in air. Obser-
vations on the polished sides of specimens revealed the deformation associated with crack-
operti-ig (Fig. 35) and crack-closing (Fig. 36) displactmeals. (Ir these specimens, crack frunts
were fairly straight and fracture surfaces appeared the same at the edjes of specimens as at the
centre; hence slip at the surface L probably reasonably riepreentative of the def'wrnation occur-
ring in the centre of specnmen.) These results indicated that crack growth omu red by alternate
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shear at crack lip, and that crack closure occurred by slip ei,•'d the crack tip- In these tests.
crack-growth increments were about three times the crack-tip opening displacementss tAf•r
removing liquid metal from the crack, CODs in air , ere accommodated by blunting at the
crack tip (Fig. 321.) The mecbanism of cinck growth and fort, ,lion of "brittle" stiations, bawd
on these observations, is illustrated in Figure 37 and is similar to mechanisms proposed by
Schijve-1 and Neumann 2 '

The change from "ductile*" to -'brittle" striations and the increased crack-growt;, rates
produced by "aggressive" environments 'tre consitent with the general critenon for ductile
versus brittle behaviour described earlier, viz- that chemisorption of certain specics facilitates
dislocation nucleation'movement on slip planes intersecting crack tips and favours crack growth
rather than crack-tip blunting. Such an effect may change the mechanism of fatigue crack growth
from "intrusion (. soft layers" to "'alternate shear"; if crack growth in inert environments occurs
by alternate shear, then chemisorption may simply reduce the amount of blunting _;,sociated
with crack growth by alternate shear.

Oxide films can influence fatigue-crack growth through their effect"' on dislocation move-
inent near surfaces at crack tips. Moreover. well-defined "ductile" striations, Ctserved after
fatigue in air, are not commonly observed after fatigue in vacuum,3" probably because compres-
sive deformatien in vacuum produces slip over -11 ne fracture surface formed during the tersile
loading, due to the easier egress of dislocations in the absence of an oxide film (Fig. 30b).

In most common environments and at cyclic frequencies normaliy encountered, there is
probably insufficient time for dissolution processes to contribute significantly to crack growth.
In aluminium alloys, diffusion of hydrogen ahead of crack tips does not seem to be involved
in corrosiDn-fatigue, since abrupt changes in electrochemical potentia!s result in sharp changes
in crack-growth rates and fracture-surface appearance; 2 " results generally suggest that adsorp-
tion characteristics are the most impt. lant feature of environments.

Inert environments usually result in slower crack-growth rates than in air. Thus, for AI-Zn-
Mg. crack- . owth rates in stage II (in fluctuating tension) are slower in inert liuids (dodecanol,
silicone oil) than in air.3 3 In stage I (in reversed torsion), however, crack-growth rates in inert
liquids were much faster than in air. This difference in the influence of environment could arise
because, in stage I, crack-opening and shearing displacements are restricted by fretting of
opposing fracture surfaces, whereas fretting does not usually occur in stage Il. Inert (and non-
inert) liquids can lubricate rubbing frcture surfaces and also 'pump" fretting product from
cracks, ti,.s enabling larger crack-opening and shearing displacements (and hence greater crack-
growth rates) to occur. These effects illustrate the dangers involved in applying results to situa-
tions diffe,'it from those under which the data was obtained.

5. APPLICATION OF MECHANISTIC UNDERSTANDING

The determination and prediction of the effects of different variables on fracture processes
have obvious practical significance and are intimately related to the understanding cf lusic
mechanisms and processes Outlined below are some examples of the application of fundamental
studies to

(i) alloy development,
(i6) materials selection and testing methods,

(iii) inspection techniques (NDI), and
(iv) life prediction.
Research on fatigue and fracture of aluminium alloys has shown that the r,.-scnce of large

(iron-silicon rich) second-phase particles facilitates nucleation of fatigue cracks and reduces
fracture toughness; 3

1 production of "cleaner" materials thus results in improved properties.
Understanding of the role of soft PFL_,. in crack initiation and growth suggests that further
improvements in properties may result if PFZs are either eliminated (preventing very localised
concentration of deformation) or increased in width (so that slip is more dispersed and more
c.ack-tip blunting can occur). Improveo mechanistic understanding " suggests that the better
SCC resistance of overaged alloys is associated with decreased area fractions of grain-boundary
precipitates-not with coarser matrix precipitates, as previously suggested by some workers.'
Thus, further reseairch aimed at improving SCC resistance should conceptrate on modifying
grain-boundary precipitates rather than matrix precipitates.

An understanding of the effects of environment on fracture suggests that environmentally-
induced crack growth could be inhibited by alloying the solid metal with an element chosen to
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react rapidly (e.g. to produce compounds) witn the environment, so that effect:, of chemisolption
are reduced (see 3.2.3). Results"3 with LME demonstrate this approach Inhibito,,n -f su b-critic;!
crack growth is also possible by m Alifying the environment (e.g. adding inhiLitors, cathodic
protection, changing operating temperature). Since il is considered that chemisorption is the
most important aspect of environmental reactions, further research should be concentrated In
this area (rather than, for example, on dissolution processes) to give further improvements in
fracture resistance. In contrast, thz ability of certain environments to facilitate fracture can be
used to advantage, e.g. in metal-cutting processes.35

An appreciation or fracture mechanisms and knowledge of variables affectin, fracture
processes provides a better basis for selection of existing materials when designing components
for particular applications and environments. Mechanistic understanding should also contribute
to resolving whether or not short-term tests under laboratory conditions can be applied to long-
term service conditions; improvements in, and standardisation of, test methods could also result.
Fundamental principles of fracture also show how various crack-growth processes (e.g.. fatigue,
SCC, corrosion-fatigue) are interrelated. Hence, it should be possible to predict the resistance
of materials to corrosion -fatigue Ir.,m data on SCC and fatigue in inert environment, thus
reducing the amount of empirical testing. Some work 3 6 along these Ines has been attempted.
but uiot with great success: however, this is not 5urprising since it wes assumed that SCC and
fatigue occurred independently of each other during corrosion-fatigue. Better results should be
possible on ,he basis of mechanistic understanding.

Understanding should provide an input into inspection techniques (NDI)- i-or example,
the knowledge that fatigue "damage" prior to crack initiation is associated with localised micro-
structural changes and formation of fine sub grain structures may enable detection of such
"damage"; it could also proe,',1 i basis for determining if repair of such "damage", (e.g. by
heat treatment), is possible. e% precursor of fatigue prior to cracking, has long been sought as a
means of assessing residual life. The identification of the microstructural change du: ing pre-
cracking stages of fatigue is thus an important step.

Considerable research has been direted towards prediction of rates of fatigue-crack growth
ana determination of residual life of components. Semi-empirical equationc relating the rate
of crack growth to power functions of the stress-intensity factor, K, have bt-en developed.
However, such equations lack a mechanistic rationale, and, therefore, often fail to predict
eflectE of material properties and environ.ment. Considerations of the mechanisms of fatigue-
crack growth indicate that crack-growth increments per cycle, da/dN, should be related to
crack-tip-opening displacements (CTODs). For example, direct observations showed that
crack-growth increments in aluminium single-crystals in a liquid metal were three times the
CTODs (Fig. 35). In general, dajdN ac B. A CTODqff where A CTOD,,r is the range of CTOD
over which plastic deforma::on (alternate shear process) occur% at crack tips, and B is a crack-
tip-blunting factor. As discussm.d in earlier sections, B is related to 'he distribution of slip around
.. cack tips and will be determiL-d by microstructure, environment (frequency), and stress
intensity. If crack growth involves the formation and intrusion of soft layers, then da/dN will
be controlled by A CTODen and the rate of formna' ,n of, and dimensions of such soft layers.

Stress intensity, K, and da/dN. are related beca -,e K is related to the CTOD by the expres-
sion CTOD = 4X 2froE, where a, is the yield stress of the rnatc.ial and E is Young's modulus.
The sigrnoidal shape of the En da/dN v.tn A K curve (Fig. 19) probably arises becaus: of dif-
ferellt mechanisms of crack growth; at low K, growth is discontinuous and probably occurs by
intrusion of soft layers, while crack growth at high K involves alternate shear and MVC processes.

It is concluded that, at present, mechanistic understanding is sufficiently advanced :o provide
qualitative explanations for most observed effects and is able to provide a basis for systematic
experiments to dctermine empirical "constants" in predictive crack-growth Nquations However,
further w3rk is r.-cuired to improve basic undermtanding and, particularly, to apply such undcr-
standing.
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APPENDIX I

Order of Presentation of the Various Fracture Processes Considered in this Paper, their Gen-
eral Fracture-Surface Characteristics and Definitions of Some Fracture Terms as Used in the
Present Paper.

(BRITTLE (Shallow dimples, cleavage-like)
(I) OVERLOAD'-"f

SDUCTILE (Macroscopic shear, deep dimples)

(2) LIQUID-METAL EMBRITTLEMENT' / Dimples
Cleavage-like )

(3) STRESS-CORROSION CRACKING3 (Brittle intercrystalline/

( INITIATION 4 (Extrusions, intrusions)
(4) FATlGU E-,,

"" CRACK GROWTHs (Ductile striations, dimples)

(5) CORROSION FATIGUE 6 (Brittle striations, cleavage-like, intercrystalline)

"Ductile"-Associated with "large" amounts of plasticity
"BritIle"-Associated with "small" amounts of plastic deformation Mechanisms of
"Cleavage-like"-Brittle fractures with "flat" fracture surfaces parallel fracture are not

to sow-index crystallographic planes, often with "river lines"--see implied
below

"River lines", etc.-A feature of many fracture surfaces (overload, SCC, LME, fatigue) are
arrays of steps usually running approximately in the (local) direction of crack growth;
these steps generally arise because cracks in adjacent areas initiate (or re-initiate) and
grow on slightly different levels (due to inhomogenieties) and are then linked by fracture
of material between adjacent cracks. Steps are often confluent ("river" lines) since inter-
action of stress fields of adjacent cracks favours their coalescence. In other cases, cracks
may radiate from certain areas and fracture surfaces may have a "fan-like" or "feathery"
appearance. Certain patterns of steps do not necessarily irdicate a particular mode of
fracture.

"Dimples"--Depressions on both fracture surfaces produced by a microvoid-coalescence
process.

"Striations"-Lines delineating positions of crack fronts, usually produced by fatigue; "brittle"
striations have much flatter profiles than "ductile" striations, thus

"brittle" "ductile"
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FIGURES

Large arrows on micrographs indicate directions of crack growth.
EM - electron micrographs of secondary carbon replicas.
SEM - scanning electron micrographs.
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Tensile Slip plane
stress. /

i;'; Shear
" stress

Fig. 1. Diagram schematically illustrating crack growth by tensile
rupture of interatomic bonds at crack tips; shear along slip
plane does not occur.

Slip
Plae 1Plane

-II
1117

Crack •Crack

// Slip 2
Plane (b)

Fig. 2. Diagrams schematically illustrating (a) crack growth by shear movement of
atoms at crack tips, i.e, crack-growth increment, A a, produced by movement
of dislocations on slip plane (1) then (2): (b) blunting at crack tips -
extensive blunting also requires large strains ahead of cracks. Arrows indicate
shear displacements on slip planes.

Void coalesence

v vV--,v ---- S--

"Void growth Void Initiation

"(by Alternate show) by "paration of
Dimplas and blunting particle/matrix

interface

Fig. 3. Diagram schematically illustrating crack growth by micro-void coalescence;

dottd lines indicate efect of incroasing COD.
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F--F racture
surface

appearance

DeepDUCTILE dimples

is large " ' 4

Crack
growth

by _ Higher Strength
Shear 15 Lower Temp.

of vGreater effect

of chemisorplion Shallow
atoms

LowerK dimples
!Isub-criticalI cracking

BRITTLE Flat

facets

Crack
growth

by Flat
tensile <Fi 3. facets

separation

of
atoms Absolute

brittleness

( probably
\uncomm on)/

Fi 4 Diagram illustrating transition from ductile to brittle behaviour with decreasing amounts
of 'gewral' slip ahead of cracks.
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PFZ

~~~'WdePýFZ

'/7>7>',Narrow P'FZ

Large number of precipitates

Fig. 5. Fractagraph (EM) after tensile fracture in Fig. 6. Diagrams illustrating variation in dimple
a high-streength Al-Zn-Mg alloy showing size (and amount of blunting at crack
dimples and flat areas on intercrystallifle tips) with PFZ width and density of
facets; inset (TEM) shows microstructure grain-boundary precipitates in AIŽ'i,-Mg.
of grain-boundary regions in A1-Zn-M4g.

471

A .4'

Fig. 7. Optical micrograph of 'model'specimen Fig. 8. Fractograph (SEM) after tensile fracture
consisting of a soft layer (of lead) of model specimen (Fig. 7) showing large
sandwiched between and bonded to deep dlimples.
harder regions (of Pb-n-Sb alloy);
cf. Fig. 5, inset.
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Oxide-filmDissolution formation

Cracuk. 2

(a) b Fracture

Hydride H 2 Gas

/ Adsor~bedIii~iii~i~speciess
H Solute

C(d)
Fig. 9. Diagram illustiating proposed SCC

mechanisms based on (a) dissolution F ig. 10. Fractographs (EM) after fracture of
(b) oxide-film formation then fracture of Al-Zn-Mg in liquid metal and (inset) in
oxide film, (c) diffusion of hydrogen air showing change in dimple appearance
ahead of cracks, and (d) chemisorption associated with changje in environment.
at crack tips.

(a)

Fracture irn air .Fracture in liquid gallium
- - -Pb-Sn-Sb

Sn

- / / b-Sn-Sb

Tensile
stress (b)

Fig. 11. (a) Fractograph (SEM) of Pb-Sn-Sb/Sn 'model' specimen
partially cracked in air, producing large deep dimples, followed
by brittle intercrystalline fracture in liquid gallium; (inset)
fractograph (EM) of brittle intercrystal line areas showing very
shallow dimples, (b) schematic diagram of fractured specimen.
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Liquid

galliumAi

Cd C

and fracture appearance of tensile fracture in liquid gallium showing 'fk.t'

specimens of cadmium tested in cleavage-like and brittle-in tercrystal line
()liquid gallium and (b) air. facets.

Fig. 14, Fractograph (optical) of cadmium Fig. 15. Fractograph (EM) of cadmium after
after fracture in liquid gallium showing fracture in liquid gallium showing
'river lines' on a cleavage-like facet. shallow dimples on a facet similar to

those shown in figs. 13, 14.



.. .:- t T f" t '1

Fig. 16. Diagram schematically illustrating effect of
chemisorption on 'surface-lattice distortion'
(after Uhlig ( s)).

Fig. 17. Fractoyraph (optical) after SCC/ Fig. 18. Fractograph (optical) after SCC/

overload in AI-Zn-Mg showing overload in Al-Zn-Mg showing
transition and change in dimple size transition from SCC ( low K --
from SCC (High K - distilled water) distilled water) to overload in air. Inset

to overload in air. Top insert (fractograph (EM) ) shows very
(fractograph (EM) ) shows3 dimples shallow dimples produced by SCC.

produced by SCC; bottom insert
(fractograph (EM) ) shows dimples
produced by overload. ITensile

Io. Surface I stress
da/dN Dimples slip idirection

Extrusion Crystall-
ographic Dimples

/ Striations-,

Discontinuous -Striations Intrusion

crack grow~thuDisInitiation

to age Stage 'Unstable
Striations I It fracture

450

(a) log. K (b)
Fig. 19. Diagrams illustrating stages of fatigue; (a) shows typical crack-growth rate versus

stress.intensity curve, (b) depicts typical features of fracture surface and its
orientation.
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- 10 0

!itj

-, 't -

" "l "0 "ý I. A,

Fig. 23. Optical micrograph of surface of Fig. 24. Electron micrograph of PSB in
AI-Zn-Mg after torsional fatigue AI Zn-Mg after torsional fatigue
( + 3- twist, 5 x 10Q cycles) ( ± 4C. twist, 2 x 103 cycles).
showing extrusions (A) and Fatigue-induced re-solution of
intrusions (B) at grain boundaries, precipitates has occurred within
Extrusions project up to 12 orn PSB; note sub-grains (A) and high
above specimen surface. Insert (1) dislocation density (B) in PSB.
shows circled region at higher Insert shows optical micrograpn of
magnification; note double PSB's (C) and holes (D) extending
extrusions (C) and striations into PSB's.
(arrowed). Lower insert(2) (electron
micrograph) shows microstructure
at grain boundaries.

I I

-- ' .- Fig. 26. Photomacrograph of 'mode!' specimen
b c (Fig. 25(a) ) after repeated

Fig.25. Diagrams showing configurations of m l compression (approximate specimen
configuration and axis of compression

specimens with respect to the applied stress. is indicated) showing extrusion of soft
layer. Note extrusion marks parallel to
extrusion direction (small arrows) and
striations at right angles to extrusion
marks.
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Fig. 2Y. Optical micrograph of taper-section -
through extrusion in brass/tin mode! Fig. 28- Optical micrograph of ongitudinal
specimen (Fig. 25(a) ). Note section of Pb/Pb-Sn-Sb model
deformation oi herd material adjacent specimen after tensile deformation
to extrusion. Horizontal taper (stres5 axs indicated by arrows)
magification 6.showing intrusion of sof, .ayer.

I Crack t1D ntet1_.4 NMard re9

iýI !Odd:

CreJ V I'- V, W•.=u4lharv PFZ

- .. I!2, ±o J T T 7 -f -.. ......... ..
'2 Hard r.on

kPr ef, est,,j •eo at onr

",ne'rent•n

Fig. 29. Diagram illustrating mechanism of fatigue-crack
growth by intrusion of weakly constrained soft
sayer.

~h5'~ V Y

land 4 yV Rum0d

,adN ".. %.,face

yY

P58

{t• • | I~ost•',~n',
0,.d, s, ,•.

fracture surface close to crack tip during

unloading: (a) in air producing well-defined
striations; (b) in vacuum.
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F ig. 31. ,-ractograph (optical) after fatigue of Fig. 32- Opzical micrograph of crack in an
Al-Zn-Mo in jir showing well - alumintumn single crystal specimen
dJefined striations. showinq slip distribution associated

with crack-tip blunting; the initially
sharp crack t p blunts without
significant crack growth when COD
is increased in air.

Figs. 33, 34. Fractographs. (EM) after fatigue of Al-Zn-Mg in NaCl solution showinq ductile
(0) and brittle (B) striations.
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25o250)-

Fig. 35. Optical micrograph of aluminium Fig. 36. Optical micrograph of aluminium
single crystal (same specimen as single crystal (same specimen as
Fig. 32) showing slip associated Fig. 32) showing slip associated
with crack growth increment, A a, with crack-clos;ng displacement
when COD is increased in a liquid- (in liquid-metal environment).
metal environment, after polishing
to remove surface slip due to
previous crack growth.

I Cycle

S~Min. Load

Max. Load

Fig. 37. Diagram illustrating mechanism of fatigue-crack growth (and brittle - striation

formation) by alternate shear.

so



DISCUSSION

QUESTION-J. D. Newton
(SEC, Victoria)

I was interested in the comments you made on ductile and brittle striations. You attempted
to differentiate between the two forms by using a model which explained their formation by two
different sets of dislocation movements. Both the forms of striation therefore apparently require
considerable dislocation movements to occur. It is difficult then to understand why one is
designated brittle and the other ductile. In the illustration of the fracture surface replica, the
ductile striations were indicated as those with the smaller spacing and the brittle with the larger
spacing. If the range of stress intensity was increased then the spacing of the ductile striations
would also increase. The ke, to the difference in the striations, if one actually exists, apparently
lies in what you also mentioned, that the ductile striations occur when crack tip blunting takes
place.

QUESTION-Andrewariha
(Tasmanian College of Advanced Education)

Both "brittle" and "ductile" striation- result from ductile (slip) processes. There seems no
advantage in thus subdividing striations.

QUESTION-- Keith R. L. Thompson
(LUniversity of New South Walc T)

Regarding the query raised by a previous questioner as to how one may distinguish between
"ductile" and "brittle" striations, I would like to offer the fo!lowing suggestions and would
appreciate the speaker's comments on these suggestions.

I propose that the following criteria may be usefully applied to distinguish between the two
types of striations as opposed to only comparing the relative striation spacing of contiguous
striations; where the larger spacing is identified with brittle striation formation (Figures 33 and
34 in the paper).

(i) Does the fracture surface occupy, or lie close to, a low-index crystallographic plane?
(ii) Are cleavage steps or microscopic "river patterns" present which lie approximately

parallel •o the localised direction of crack propagation and perpendicular 'o any
striations present?

(iii) Do these cleavage steps changc their orientation upci crossing grain boundaries,
increase in number and!or are new steps created when crossing tilt or twist boundaries
in the mate ial?

If the answers to the above questions are affirmative then I suggest that "brittle" striations
may be positively identified. As the author is no doubt aware { 100} fracture surfaces have been
identified by Forsyth etal. Also the questioner has identified a {(11} fracture surface in a type
2219 aluminium alloy which also fulfilled Lriteria (ii) and (iii) above.

In some recent fatigue crack growth studies conducted under laboratory air coaditions on
Type 3 11, and high nickel austenitic staink-ss steels and Incoloy 825.1 havedetected striationswhich
lay approximately ptrpendicular to ceavage steps. The crystallographic orientation of the
fracture planes in these materials has not yet been ideoatified.

As the occurrence of "brittle" striations is usually considered to be indicative of an environ-
mental accelerative influence on the ciack growth process, I consider that it is important to
establish criteria for their identification, particularly in the diagnosis of the cause of service
failures.
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A ttthor's Reply

Taking questions and comments on ductile and brittle striations together: l agree with Dr.
Thompson that it is useful to distinguish between ductile and brittle striations with regard to the
diagnosis of service fadures. The three criteria, _'uggested b) Dr. Thompson, to identi£v brittle
•cleavage) striations are certainly more characteristic of brittle striations than ductile striation•
but are not exclusive to brittle striations; for example, ductile striations (produced in inert
en•,ironments) have also been observed in association with river lines and lying as facets parallel
to low-index crystallographic planes. It is considered that an important difference between
ductile and brittle striations is their profile. -particularly the relative width• of the two "'sides" of
striations (see Figures 33, 34 and Appendix). This difference arises because, fora given AK, larger
crack-growth increments occur durig crack-opening in aggressive environments than in "'inert"
etvironments but the width of {he "'dark side" of the striation, produced b) deformation of the
fracture surface during crack closure, is not as affe,'ted by _-nvironment. Striation profiles are also
determined by the material, AK atd ..;ther factors as well as by environment and, hence, the
fractographic determination of the role of environment in service fa!lures should be based on
comparison with fractures produced undel controlled conditions.

The terms "ductde'" and "'brittle" (or "'cleavage") are confusing to some extent in that the
term "brittlt." (and "cleavage ') is sometimes used to describe an atomic mechanism of fracture
by rupture of interatomc bonds. It is suggested that "brittle" and "'cleavage" should be defined
as in the Appendix

QUESTION--Dr. B. J. I*'ieks

(ARL)

T!,e application of your model to fatigue relies on the development of Iocalised regions of
intense strain within which softerlin8 occurs by the re-solution of oreipitates. Yet ynu suggest
that the model w,)uld be particularly valid at low stress intensities. At high stress intensities
other mechanisms, such as alternate shear or plasti, blur•ting, occur in the absence of a soft
layer at the crack tip. It is not clear why microstructural instabihty should be limited to low
stress intensities; in fact your model would seem more appropriate at high stres• intensitie• where
dislocation/particle interactions would ensure larger precipitate-free zones. Could you say some-
thing about the formation of the soft zones at high and low stres• intensities.

One further question--Is them an) reason to believe that material at ;•. crack tip or along an
intenq; slip band should b• softer than the surrounding material, particularly for a cyclic harden-
ing me'ai i'or which or, e would associate high cumulative plastic strains v, ith at, enhanced flow
stress ?

Aumoc's Pepiy
At low stress intensities, crack growth increments per cycle da,'dN are very sm•ll compared

to plastic-zone sizes rv, t!,e material ahead of crack tips undergoes a considerable number of
cycles of plastic strain and large accumulated strains arise. The ratio of da/dV to rt, is lar•er
at higher stress intensities (crack growth usually occurs by microvoid-coalescencc) and accumu-
lated strains are less. Re-solution of precipitates •nd other microstructural changes leading to
the formation of soft zones ahead of cracks are [av,)ured by high dislocation densities asociated
with large accumulated strains. Thus. crack 2.rowth (and crack initiation) by intrusion of soft
layers is more probable at lower strc•s intensities.

In age-hardening materials, precipitate-free zones at crack tips are obviously softer than
surrounding regions; in work-hardened material, recrystallisation (work-soqening) has been

i observed. In annealed materials where fatigue produc*s work-hardening, very small sub-grains
; are observed ahead of crack tips. The "mechanical properties" of such very fine sub-grain

structures are not known and hence it is not clear whether crack gruwth occurs by intrusion or
by other slip pr•. More research is required to define the drcumstances under which a
particular mechanism of crack growth operates.

QUESTION--P. Duane

(GMH)

Is there any future for precipitation-hardening aluminium alleys, considering that these
alloys are not dislocation free-and hence weak, soft, precipitation-free zones may form in the
crystal?
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QUESTION --B A. Parker
(Monash University)

A comment on the first question-Intensive slip is a feature of the fatigue crack growth
mechanism; intensive slip may be inhibited by the presence of larger second phase particles.
Could this not give rise to an improvement in fatigue properties? Recent work at Monash has
shown that the static tensile failure mechanism of an AI-Zn-Mg alloy may be changed from inter-
crystahine to transcrystalline by the incorporation of sub-micron particles.

Autbor's Reply

The presence of larger (0- I to 1 m) "dispersoid" particles does inhibit the formation of
intense transcrystalline slip bands and the initiation and growth of transcrystalline cracks.
Nevertheless, intense slip bands and re-solution of precipitates still sometimes occur in such
microstructures. However, the main reason for the poor fatigue strength of aluminium alloys is
the presence of pre-existing PFZs at grain boundaries. Thermomechanical processing (e.g.
aging, deforming, aging) to produce more uniform precipitation gives some improvement.
Improvement in properties (fatigue, fracture-toughness) has also been achieved by removing
very large (10 jim) second-phase particles. These recent, modest, improvements and more careful
design of components to minimise fatigue problems should ensure. continued widespread use of
aluminium alloys.

COMMENT-B. Krishna Murthy
(Monasuh University)

There is controversy whether !he transgranular precipitate free zone. obered in age-
hardened Al alloys are due to the inhcmogenities present before fatigue testing, or caused by the
fatigue testing.. Lynch' has shown that at least in AI-Zn-Mg alloys, the Zransgranular PFZs
are due to both inhomogenities as well as the re-solution.

I %kould like to strike a note of agreement with this view, particula-rly in Al-4",,Cu alloys.
Support for this is obtained from an extensive search of the hizerature. It is illustrated schem-
atically in Figures 38 and 39. The ill-defined PFZs of 0-5 pm width (Fig. 38) have transformed into
clearly defined PFZs of width 1.5 /pm after fatigue testing (Fig. 39). Thus the fatigue deformation
may be initially concentrated in these ill-defined PFZs (containing less than the normal density
of the precipitates). Intense deformation, in these narrow regions may then cause the precipitates
to dissolve, leaving a clear PFZ, of increased width.
References
1. Lynch, S. P., and Ryder, D. A. The Fatigue Behaviour of Superpure and a Commercia!

AI-Zn-Mg Alloy, Aluminium, 49, 749, 1973.
2. Laird, C., and Thomas, G. Inter. J. Fract. Mech., 3, No. 2, 81, 1967.
3. Clark, J. B., and McEvily, A. J., Acta Met., 12, 1359, 1964.
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Figs., for comment by B Krishna Murthy

Width = G5
(ill-defined, band)

- ~ ~,..Without fatigue testing

FIG. 38 ILL-DEFINED PFZ IN AGED (1700C/3 HRS) Al - 4%CMA IREF. 21

Width = 1.5pL
(very clear PFZ)

*.... Dislocations

a--',-"' >-After fatigue testing

FIG. 39 CLEAR PFZ IN AGED (1600C/5 HAS) Al -4% Cp AFTER FATIGUE TESTING [REF. 31
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QUEST'ION--L. M. Bland
4ARL)

Would Dr. Lynch please say a little more about the possibility of the chemisorption
mechanism of environmental influernce being effective in the case of aluminium alloys (and steels)
in an aqueous environment? May this mechanism, in such an environment, make a significant
contribution to cracking propensity and, if so, may the adsorbed species be the water molecule
or is it the hydrogen ion? (In the latter case it might be expected that the hydrogen would be
absorbed some distance into the metal rather than remaining adsorbed at the crack surface.)

Author's Reply

The many close similarities between LME (only chemisorption Fossible), HE (chemisorp-
tion, diflusion possible) and SCC (chemisorption, diffusion, and other processes possible)
suggest that chemisorption is the most important factor in envirormentally induced cracking
of aluminium alloys, steels and other materials. For example, fracture-surface appearance
(which gives more information regarding mechanisms of fracture than any other factor) for
steels in mercury, hydrogen, and water, and for aluminium alloys in liquid metals and water,
are generally very similar and sometimes indistinguishable. (Details and full discussion are
to be published in an ARL report on "SCC and LME in aluminium alloys" and in a paper on
"Hydrogen embrittlement in steels" to be published in the proceedings of the "Hydrogen in
Metals" conference, Paris, 1977-)

Aqueous environments facilitate crack growth in both steels and aluminium alloys while
hydrogen influences crack growth in steels but not aluminium alloys. Thus, for aluminium
alloys in aqueous environments, chemisorption of water molecules is probably involved in crack
growth; for steels, chemisorption of water molecules or hydrogen atoms (produced by electro-
chemical reactions), or both, could be important. Further understanding will require more infor-
mation on chemisorption and its effect on "surface-lattice distortion". It is considered that
dissolved hydrogen (diffused from the surface) is probably not a significant factor in crack growth.
However, the ease of diffusion of hydrogen from the surface could influence the extent of surface
covered by chemisorbed atoms and, hence, could affect crack growth.

QUESTION-M. T. Murray
(CSIRO, Division of Tribophysirs)

Why is microvoid coalescence a good model of fatigue in that the void is expanding in a
reversible manner, or could be!

Author's Reply

Plastic deformation is not generally reversible on the atomic scale.
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"FRACTURE MECHANICS FUNDAMENTALS WITH

REFERENCE TO AIRCRAFT STRUCTURAL

APPLICATIONS

by

B. C. HOSKIN

SUMMARY
Fracture mechanics is being increasingly applied to problems associated with cracked,

or potentially cracked, aircraft structures. Such applications include assessment of the
residual strength of cracked components and also the prediction of fatigue crack growth.
However, fracture mechanics is still very much a developing subject even as regards its
fundamentals and, hence, in any application, it is important to bear in nind the limitations
associated with some of its results. In the present paper a survey is mnude of basic fracture
mechanics, with emphasis on those limitations likely to be of importance in aircraft
structural applications.

57



NOTATION

a Crack length (or half crack length)
r Distance from crack tip
r. length of yield zone
x, y, z Rectangular co-ordinates
B Plate thickness
E Young's modulus
G Strain energy release rate
GC Strain energy release rate at fracture
i Rice's integral
K Stress intensity factor (subscripts I, 1I and Ill refer to "Modes")
Kc Fracture toughness
Ki, Plane strain fracture toughness
N Number of load cycles in fatigue
Toj Stress components (i, j = x, y, z)
U Strain energy

Measure of crack opening displacement
6 Angular co-ordinate
o Applied tensile stress
oy Tensile yield stress

Applied shear stress
Poisson's ratio
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1. INTRODUCTION

Fracture mechanics, which can perhaps best be defined as the study of structures containing
cracks or similar flaws, has found an ever-increasing application in the aeronautical field over
the past decade or so. I' This has come about because of the fairly widespread acceptance of
the "damage-tolerant" and "fail-safe" philosophies in aircraft structural design.3-' These two
concepts are not necessarily equivalent3 hut each has as its central feature the requirement
that a structure must maintain an adequate degree of integrity despite having undergone some
limited amount of damage.

An aircraft structure may be damaged for a variety of reasons- It may contain defects which
have escaped detection during manufacture or it may have deteriorated in service due to fatigue
or stress corrosion prcesses. It may have sustained accidental mechanical damage or, in the
case of a military aircraft, battle damage. The commonest form in which such damage manifests
itself is in the development of a crack, i.e. in the development of two free surfaces in the material
separated by a very small but nevertheless distinct amount. This is virtually always the case for
fati.gue and stress corrosion damage; undetected manufacturing defects also are commonly of
this form, partly because a crack is a type of defect that is not always easy to detect in a large
built-up structure, even given the very refined non-destructive inspection (NDI) methods now
available. Battle damage, of course, can involve the loss of major areas of a structure but, in the
case of small arms fire, may consist of relatively small punctures from which cracks radiate.5
If, from whatever cause, some crack-like detect be present in a structure, then it will generally
grow by fatigue under the service loads into a genuine crack.

In tne rational treatment of cracked aircraft structures two main problems arise. The first
of these is concerned with the size of crack which can cause a catastrophic failure under a single
load application; this is often termed the "residual strength problem". The second is concerned
with the more or less gradual propagation of a crack from some initial size up to a critical size
under the influence of a fatigue load spectrum.

As already indicated, fracture mechanics is specifically concerned with the behaviour of
cracked structures so that its application here is certainly to be expected. The residual strength
problem coincides with the classic fracture problem whilst fatigue crack propagation comprises
part of what, in fracture mechanics, is usually called sub-critical crack growth. (The last named
also embraces, for example, stress corrosion cracking.) However, although fracture mechanics
has already established its usefulness in a variety of problems in the aero-space field," 8." it is
important to realise that it is still very much a developing subject, even in its fundamentals, and
to bear in mind the limitations associated with some of its results. In the present paper a survey
is made of fracture mechanics from this point of view and with special reference to those results
which have application to aircraft structures.

Fracture mechanics has a rapidly expanding literature. A fairly succinct account of the whole
field has been given by Knott"0 and a very extensive one is given in the treatise edited by
Liebowitz. " The symposia proceedings recorded in References 12-16 give detailed descriptions
of recent developments in fracture mechanics, especially in the USA, and References 17 and 18
contain additional information on applications to aircraft structures.

2. NATURE OF CRACKS IN FRACTURE MECHANICS

In any analytical treatment certain idealisations are necessary regarding the geometry of a
crack; those idealisations usually employed in fracture mechanics are now set down. First
consider two-dimensional crack problems where the geometry is the same in all planes perpen-
dicular to the thickness direction. A ba-sc case here is that of a tension panel with a through-
the-thickness crack (Fig. 1). It is assumed that:

(i) in the absence of any applied load the opposite faces of the crack, although distinct, are
separated by an indefinitely small amount; and

(ii) the tip of the crack is sharp, as in a sharp edged notch, i.e. no radius of curvature is
associated with the crack tip.
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It -is rather difficult to provide a satisfactory pictorial representation of such a crack (or slit.

but the above conditions always apply even if they appear to be at variance with any of the

illustrations.
The situation for three-dimensional crack problems is generally similar to that in two dimen-

sions. Here the crack--or perhaps, more descriptively, the flaw-is taken as a disc-shaped void

of infinitesimal thickness (Fig. 2). With the '-axis as shown (i.e.. perpendicular to the crack

plane and passing through it), then in any plane containing the Y-axis the cross-section of the

crack has the properties (i) and (ii) above.
The above idealisations would seem reasonable for fatigue cracks which are commonly of

a "'hairline" character. Further. any error associated with the idealisations should be of a

conservative nature in the sense that it is difficult to conceive of a crack sharper than the idealised
one-

Fracturc theories have, however, been proposed in which these idealisations are not adopted.

For example, in the two-dimensional case a crack has been considered as a long, narrow

ellipse. " Here the radius of curvature at the crack tip is non-zero (though very small) and,

generally, all results then become very sensitive to the value ( this parameter. This approach

has not obtained widespread acceptance.

3. ELASTIC SOLUTIONS FOR CRACKED STRUCTURES

3.1 General

Elasticity theory solutions for cracked structures have an important part to play in current

fracture mechanics theory although taken by themselves they give only pan of the story. In the

first instance, these solutions may be thought of as applying exactly to ideally brittle materials,

i.e. those which remain elastic up to the point of fracture. However, elastic solutions are also

applied, under appropriate conditions, to problems of fracture in normally ductile materials

such as the structural metals.
Following the pioneer work of lnglis-2 0 --of which a more accessible account of the method

at least is given in Reference 21 -exact aralytical solutions for a limited number of two- and

three-dimensional crack problems have been obtained using classical elasticity theory pro-

cedures. 2 2,'
2 2 ' These solutions usually relate to fairly simple geometries, such as an infinite

plate with a straight crack or an infinite b;ock with an elliptical (plan form) crack. For the present

purposes the main feature of these solutions is the fact that, at some small distance r from the

crack tip, certain of the st'ess components are found always to be proportional to l/r4 and

hence become infinite at the tip itself. Ii. Appendix I a simple argument is given to show why

such a result might, in fact, be anticipated.

Following Irwin" it has become the practice to describe any crack problem as belonging

to one of three possible "Modes", according as to which of the stress components has the square

root singularity. Consider the situaTion in the vicinity of the crack iront in a three-dimensional

problem and, in particular, consider the stresses on that plane in the material which represents

an extension of the plane of the crack (Fig. 3). With the axes as shown (x-axis perpendicular

to crack front, y-axis perpendicular to crack plane, z-axis tangential to crack front), then the

stresses acting on the plane under consideration (y -= 0) are (as always) a normal stress T=, and

two shear stresses T., and Tv,. If, of these three, the only one having the singularity is:

(i) T", then the problem is of "Mode I, the opening or tensile mode type";

(ii) T", then the problem is of "'Mode 11, the in-plane shearing mode type";

(iii) Tj,, then the problem is of "Mode i1l, the anti-plane or tearing mode type".

Prototypes for each case are shown in Figure 4 along with the associated deformations of the

crack surfaces. (At the moment, however, there is no question of crack extension, i.e. these

deformations are those occurring for cracks of constant length.) If more than one of Ty1 , Ty,

and Ty. has a singularity on the extension of the crack plane the problem is said to be of mixed-

mode type.

3.2 TM Stre Im lts•y Facs"

Flere the nature of the elastic stress distribution near the tip of a crack will be considered in

more detail and it will be convenient to deal with the different modes separately. However, in all

cas the results can be best described in terms of polar co-ordinates P. 0 with origin at the crack

tip (Fig. 5); it is assumed throughout that r is small compared with the crack length.

60



A study of the etact solutions refevred to above &hows that in all Mode I problems the
stresses in the vicinity of the crack tip can be written in the form

{Ki.(2-)4) cos 012 (1 -sin 0;2 sin 30.'2) 0(l)
Tyl, = K1.(2-r)'. cos 9:2 (l - sin 0;2 sin 341;2) 0( 1) (3.2.1l

T1 y {Kl-(2-r)*t cos 0/2 sin 02 cos 30i2 - 0(0)

where 0(I) denotes terms which are finite at r = 0. A general proof of the above result can be
found in Reference 26.

The quantity K, appearing in Equation (3.2.1) is termed the Mode I stress intensity factor
(SIF) and. for reasons to be stated iater. is a key parameter in current fracture mechanics theory.
It can be seen that this single parameter completely categorises the stress state near the crack
tip. Its explicit form varies from one crack problem to the next but it is always linearly propor-
tional to the applied load (since the stresses in any elastic problem so vary) and contains a depen-
dencc on crack length and general structural geometry. For the case of a crack of length 2a in
an infinite tension pane! subjected to end stress, a (e.g. Fig. 4a, where the crack length is small
compared with the panel dimensions) it is found that

Ki = a(7,a)* (3.2.2)

The general definition of KA is conveniently given by

Kt =- lim (2-r)* T1, (e. 7 0) (3.2.3)
~-0

It follows that the stress intensity factor has the units of "stress. length"'. In the SI system the

common unit is MN/m3 z or, equivalently, MPa.m*. in tIi, US system it is ksi.in* and in the
Continental system kgmm3 2. (Conversion factcrs are I MPa.m*-- 0-910ksi.in' = 3-22
kg/mm 3 '.)

It might be observed that the inclusion of the 21r in Equations (3.2.1) and (3.2.3) is just a
matter of convention to which most, but not all, authors subscribe; hence some care is necessary
when consulting the literature on formulae for stress intensity fac.ors. Also note that in Equation

(3.2.1), Tr = 0 on 0 = 0 as is required for a Mode I problem.
Similar results can be estabiished for Mode It problems. As is shown in Reference 26,

the crack tip stress field is now given by the following expressions:

T.:• =- -{K1i/(2wr) 4 } sin 0/2 (2 --cos 0.2 cos 30,'2) :- 0(l)
T1,= {Kli!(2,r)') sin 0/2 cos 0,:2 cos 30/2 :- 0(l) (32.4)
T~, -= {K~/(2,1)} cos 0/2 (I -sin 0/2 sin 30/2) - 0(I)

The quantity Kit is termed the Mode II stress intensity factor and is quite analogous to K1 . For
the particular case of a crack of length 2a in an infinite panel subjected to a shear stress, T, it is
found that

Ktu = -(,a)* (3.2.5)
The general definition of KIT is given by

KI .- lim (2-r)l T., (0 = 0) (3.2.6)
-'0

Note that in Equation (3.2-4) Ty,, 0 on 0 = 0 as required in a Mode II problem.
Finally, for a Mode III problem, the following results apply:2 6

Ti, {Klill(2,rr)i} cos 0/2 - 0(I) (3.2.7)

Tz --{Km/1 J(2,r)1} sin 8/2 + 0(l)

where Kil is the Mode !I! stress intensity factor and is quite analogous to K1 and KI. For an
infinite block with a crack of length 2a (existing through the thickness of the block), which is

subjected to a longitudinal shear stress q,
Ki --- q(-a)* (3.2.8)

The definition of Kill is given by
Kilt = lim (2-r)* T.4(0 .. 0) (3.2-9)

-'0

As it happens, Mode Ill problems are the most tractable from the mathematical viewpoint 2 '
but are probably of the least physical interest.

Expressions for the displacement components in the vicinity of the crack tip can be similarly
established for all three modes; these turn out to be proportional to rP (see Appendix I) and the

stress intensity factor is again the key paMMW.er6

A great deal of effort has been devoted to determining stress intensity factors for numerous
crack problems using a variety of exact and approximate analytical techniques. General accounts
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of these techniques, which are mainly restricted to two-dimensional problems, can be found
in References 26 and 28- Special attention has sometimes been paid to collocation procedures. •
Several compendia of the results obtained by all methods are now available. 3 0,3 1.32

Recently, there has been a widespread development of finite element methods for determin-
ing stress intensity factors; see, for instance, References 33-41. Virtually all ihis work relates to
two-dimensional problems. Different shaped elements have been used but a convenient pro-
cedure"1 seems to be to surround the crack tip by a regular polygon centred on the tip (Fig. 6).
The stiffness matrix for such a "crack-tip element" can be calculated by using terms from the
Williams" 2 series expansion for the stress function in a cracked sheet. This approach enable-
the crack-tip element to be incorporated easily into a general purpose finite element programme." 4

Other finite element methods have been based on the so-called i-integral defined in Section
6.5" or on a special property of certain isoparametric elements. 1 2

Thus it can be said that the determination of stress intensity factors for two-dimensional
problems is well in hand. However, the situation is far less satisfactory for three-dimensional
probiems, and these are often encountered in practice. Important configurations here are the
surface flaw (Fig. 7). which is discussed at length in References 44 And 45, and the cracked bolt
hole (Fig. 8). The anal)tical difficulties are substantial for such problems and no convenient
numerical method is yet available. Before passing on, attention is called to the fact that in three-
dimensional problems, the stress intensity factor normally varies around the crack front.

3.3 Plane Stress and Plane Strain

When a thin elastic plate is loaded by forces in its own plane (the xiv plane, say) it can be
assumed that the only stresses arising are the in-plane ones T1 1 , T,, and T,,; this situation is
termed plane stress (more properly, generalised plane stress).'" However, if a thick plate is
similarly loaded but now constraints are appiied so that there is no displacement in the thickness
direction a condition of plane strain arises. In this last case it can be readily established from the
basic elasticity equations that, as well as the in-plane stresses, there is a normal stress in the
thickness direction given by' 6 :

Tzz = &'(T.. - TY y) (3.3.1)

where L is Poisson's ratio. It is important to distinguish these cases in fracture mechanics because
as will be seen later, the out-of-plane stress has a very marked effect in inhibiting yielding, which
in turn leads to significant reductions in the failure stress. However, provided the plan form
geometry and the in-plane applied loading are the same in a plane stress and a plane strain crack
problem the stress intensity factor is the same for each. There are (relatively small) differences
in the displacements in each case.

When considering the crack tip stresses in a three-dimensional problem (at distances from
the tip so small that the curvature in plan form of the crack front can be ignored) the problem
can sometimes be usefully considered as approximately a plane strain one. 23

.25

4. ELASTIC-PLASTIC SOLUTIONS FOR CRACKED STRUCTURES

4.1 General

It has already been seen that a crack tip is an extremely severe stress concentrator, the
elastic solution predicting infinite stresses right at the tip. For materials possessing some ductility,
such as the metals used in aircraft structures, yielding must be anticipated around a crack tip,
even for small values of the applied load. Thus it becomes necessary to carry out elastic-plastic

analyses of cracked structures. These are very much more difficult than any purely elastic analysis.
In fact, no generally accepted solution seems to have been yet obtained for the basic case of a
small crack in a plane tension element (Fig. I). One case for which a detailed elastic-plastic
solution has been obtained is the Mode Ill problem of Figure 4c: this is sometimes also called
the "anti-plane strain" or the "longitudinal shear" problem. Whilst of but limited interest for its
own sake, the existence of this exact solution is very valuable for comparative purposes. It has
been discussed at length by Rice.a"

The study of the elastic-plastic behaviour of cracked structures is probably the major area
of current basic fracture mechanic research. However, so far no conclusions of a comparable
generality to those established for the elastic case can be drawn. It the following, a rather brief
discussion is given of what seem to be the key results obtained to date.
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4.2 Approximate Size of Plastic Zone at Crack Tip

The folloving proceJure is commonly used for obtaining an "'order-of-magnitude'" estimate
of the length, r,. of the plastic zone measured along the line of prolongation of a crack. For
brevity the discussion will be limited to Mode I problems but the same procedure can be applied
to all modes."

Consider a point P which is on the prolongation of the crack and which is on the boundary
of the plastic zone (Fig. 9); such a point is common to both the elastic and plastic regions. The
shear stress T1,, is zero at P so the stresses T. and T,, are principal stresses. Now the distinction
between plane stress and plane strain becomes important. As discussed in Section 3.3 above,
the out-of-plane stress Tz is different in the two cases. For plane stress.

T22 -0 (4.2.1)

but for plane strain,
T7Z = ,(Tz2  • TVY) (4.2 2)

It is now assumed, firstly, that the stresses acting at P arc as given by the purely elastic solution
and, secondly, that the plastic zone is sufficiently small for the crack tip formulae to apply
(The first assumption is, at best, a rough approximation.) On setting 0 ý 0 in Equation (3.2.1).
it follows that, at P,

(i) for plane stress,
TlZ - Ty. -- K1J21Tr,)*. T~z 0 (4.2.3)

(ii) for plane strain
Tx1 =- Tv -- K1"(2ryr)t, T,2 .- 2,Kt.,(2irrr,)* (4.2.4)

Since P is also in the plastic zone, a yield condition must be satisfied there. According to Tres,.a's
condition, yielding occurs whenever

maximum of {IT, -T2:. T 2 -T 3', T3 -T,!} =- o•, (4.2.5)

where the Tj are principal stresses and cry denotes the tensile yield stress. As alreidy remarked
T z, T1 ,y and T,, are principal stresses at P.

For plane stress substituting from Equation (4.2.3) into (4.2.5) immediately gives the result
ry, = (1/21r) K12,'a V,2 (4.2.6)

whilst for plan. strain use of Equation (4.2.4) with (4.2.5) gives

ry = (I -2v,)2 (Ii2n) Kija (4-2.7)

For a Poisso,: ratio value of 0"3 it would follow from the above that the length of the plastic
zone in plane strain was only O 16 times the length in plane stress, other things being equal.
It seems to have become the practice in fracture mechanics to assume that, for plane strain.

ry ý_ (1I6-) Kt2i'l,' (4.2.8)

Some discussion of this rather arbitrary assumption can be found on page 108 of Reference 4.
However, as the whole analysis can only be viewed as extremely approximate the matter is
hardly critical. (When the same procedure is applied to the Mode Ill case, where an exact answer
is available, it gives a value for r, which is precisely half the exact value.' 7 )

The above analysis can be readily extended to give the approximate shape of the whole

plastic zone and nct just its length." 8" One important feature of the above results is the indi-
cation that, for small scale yielding, the stress intensity factor remains a key parameter in the
problem, here governing the size of the plastic zone. These indications are borne out by more
complete analyses. 26

4.3 Stress ad Strain FRels in Plasttc Zone

A reasonably clear picture of the stress and strain fields in the plastic zone around a crack
tip is now starting to emerge. This has come partly from the exact solution to the anti-plane
strain (Mode 111) problem already referred to and partly from approximate analyses." The
main results are summarised in Figure 10.

For a purely elastic material, as already seen, the stress at a small distance r from the tip
varies as lir*; since the strain is here directly proportional to the stress, it has the same variation.
It follows that the product "stress x strain" which is of the nature of "work per unit volume"
varies as lIr.

Consider now dn elastic-perfectly plastic material. In such a material the stress can never
exceed the yield stress. Hence the stress in the plastic zone is basically constant; for the purposes
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of compari.on this may be considered as a variation of the form Lr. On the other hand it now
transpires that the associated strain varies as lhr. Thus the strain concentration has increased
in severity compared with the elastic result. It will be noted, though, that the stress-strain produzt
still vanes as I~r.

Finally consider a work-hardening material, khich in a sense is intermediate between the
above two cases. Rice has indicated that here the stress and strain in the plastic zone vary as
I.'rP and l,'r-'P respectively where p lies in the range (0, I.'2)and can be related to the degree
of work-hardening. Again the stress-strain product has a I Fr variation.

Reference 49 gives experimental results on the strain concentrations around crack tips vhich
tend to confirm the above.

As already indicated in Section 4.2, the theoretical analyses also -how that, as long as the
size of the plastic zone is small compared with other lengths in the problem, and especially the
crack length itself, the stress intensity factor retains its key role. However, for more extensive
yielding it does not appear to be possible to establish a single parameter which characterises the
state of affairs in the plastic zone.

4.4 The Dugdale Model

Because of the difficulties associated with the use of the classical theory of plasticity in crack
problems, a simplified approach due to Dugdales° is sometimes adopted, Here an ar"..,:e is used
to reduce the problem to an associated purely elastic problem. The model will be briefly described
for the standard case of a crack of length 2a in a plane tension element subjected to an end
stress, a.

The key iea behind the model is shown in Figure II. The actual crack is replaced by a fictitious
one which is longer at each end by an amount ry, the length of the yield zone. (This, of course,
is initially unknown.) Over the lengths r,, a stress equal to the tensile yield stress. a.,. is applied.
This problem is now treated as a purely elastic one. At the ends, P, of the fictitious crack, there
will be a positive stress intensity fa-, ,r caused by the applied stress, a, and a negative stress
intensity factor due to the crack surface stresses, 71. It is postulated that these two factors are of
equal magnitude so that the net stress at P is finite. This condition serves to determine -,y and on
c.vrying out the analysis in detail it is found that

r, = a0se': (a 2a,) - I (4.4.1)
Dugdale compared this theoretical result with experimental data for mild steel and found a good
agreement.

If the a; .,lied stress, a, is small compared with the yield stress, ac, then on using the
approximation

sec x -_ I -X2,;2 (4.4.21

it is found that Equa-'.on (4.4.1) reduces to

ry 2! air202/18a2 (4.4.3)
In terms of the stress intensity factor KI-see Equation (3.2.2)-this can be written as

r, L (7r/8) K, 2 joz (4.4.4)
This is the same sort of result that was obtained in S.ection 4.2, though the nume-ical coefficient
is different. The Dugdale model is generally applied in plane stress situations so Equation (4.4.4)
should be compared with Equation (4.;.6).

It might be noted that whereas classical plasticity theory predicts a diffuse plastic zone around
a crack tip (much as in Fig. 9), the Dugdale model predicts a thin, narrow zone (Fig. 12). Actually,
in the Dugdale model the plastic zone consists only of the area between the two surfaces of the
fictitious crack in the region beyond the real crack I p. However, zones having roughly this shape
have been observed in mild steel. 51

As regards applications, the above theory has been mainly used in questions of fracture for
low and medium strength steels. There seems to be little evidence on its 37plicability to aircraft
materials such as high strength steels and aluminium alloys.

5. FRACTURE CRITERIA FOR irEFALNL BRITL.E MATERLAUS

5.1 GeWra

AU the considerations to date have related to the stresses and deformations occurring in
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cracked structures where the crack length was constant unuer applivation of load. No%% atlcntion
is turned to the furdamental question of the conditions under which a crack will extend. For the
moment only the classic fracture probein, where the crack undergoes a more or less unlimited
extension under a single load application, is considered. It is convenient to commence by treat.
ing ideall) brittle materiah, Ahich, by definition, remain elastic up i.. the point of fracture. The
situation for the structural metals will be considered later but, to anticipale, it can be said that
results obtained here again find application-

One further restriction must be natod, Both here and in the next Section only Mode I (i.e.
tensile) fracture is considered. The vast majority of fracture mechanics research has concentrated
on this case which certainly seems to be the most important in practice Some comments on
other fracture modes are made in Section 7.

5,2 Griffith's Theory of Fractwre

The original theory of fracture, and the one that from the theoretical viewpoint is still the
m(-,t complete. is that due to Griffith.5 2 Griffith was primarily concerned with the ultimate
strength of a material containing microscopic cracks: present interest is in cracks of macro-
scopic size but this does not affect the physical argument.

Griffith set up an energy criterion for fracture involving, on the one hand, the elastic strain
energy, U. in the structure (the "source" for promoting crack extension) and, on the other hand
the work, W. that must be done in creating new crack surfaces (the "siik" for resisting crack
extension). Griffith identified this last with the work that must be done against surface tension
forces on the crack surface. For a two-dimensional crack problem Griffith's fracture criterion
can be written in the general form

dUlda - dW'da (5.2.1)
wher, a is a measure of the crack length.

Griffith then went on to evaluate explicitly the terms appearing in Equation (5.2.-1) for the
particular case of a -lane tension panel under end stress a and having a crack length 2a. Actually,
in his original paper he made an error in evaluating the left hand side of Equation (52. 1) which
he subsequently corrected with little comment and ihis has sometimes been the subject of some
controversy. The easiest way of evaluating dUlda is to use the superposition result indicated in
Figure 13. It can be shown" 3 that the strain energy in the original problem, Figure 13a. is the
sum of the strain energies for a panel with a crack under internal pressure, Figure 13b, and for
an uncracked tension panel, Figure 13c. Since the strain energy in the last case is independent
of crack length, it follows that dU/da has the same value in the first two cases, and, given the
elastic solution, it is an elementary calculation to obtain it for the case of Figure 13b. At any
rate, it is found that

(i) for plane stress,
dU~da = 2,uaBIE (5.2.2)

(ii) ror plane strain,
dU/da = 2(I -v2,,yi aB/E (5.2.3)

where E denotes Young's modulus and B the panel thickness.
Turning now to the right-hand side of Equation (52.1) Griffith wrote

dW/da ý' 4f B (5.2.4)
wherefis the surface tension and is considered as a material constant. (The factor 4 comes about
lecause there are two crack tips and two new surfaces at each tip.) Thus, on applying the criterion
(5.2.1). it follows that the criticai stress to cause fracture is given by

(i) for plane stress,
S= (2f Era) (5.2.5)

(ii) for plane strain,
a, r= (2f E/-a(l - •2) (5.2.6)

Griffith provided an experimental verification of his theory for glass, where he estimated f by
linearly extrapolating measurements of surface tension made at high temperatures (7-00C to
I 100C) (a procedure which would seem to be open to some criticism).

In current fracture mechanics notation, it is usual to introduce the symbol G (in honour
of Griffith, and often written in script form to avoid confusion with the shear modulus) for the
strain energy release rate associated with crack extension from a single tip; since, in the above
problem, the crack extends symmetrically from each tip, there
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2G - ( l,8) d Uda 15.2.7)

With this notation it follows that Griffith's fracture criterion can be written in the general form

G - G, (5.2.8)

where G, is a material cosnstant (in fact 6. G 2.).

5.3 Fracture Criterion in Terms of Stress Intensity Factor

Consider again the Griffith formula for the fracture stress and. for brevit,, limit attention
to the plane stress case Equatior (5.2 5) can equally well be written as

,(-a)* ý (2fE)1 (5.3.1)

The quantity on the left-hand side is simply the stress intensity factor, K. for the particular prob-
lem under conside-ation: see Equation (3.2.2). The term on the right-hand side is, with the
present assumptions, a material constant. Thus the condition for fracture can just as well be
written as

K- K, (5.3.2)

where K, is a material constant. (Since only Mode I situations are being considered, the subscript
I is here omitted ) Application of the Griffith criterion to other crack problemsg 3 again leads to
results which can be wntten in the form (5.3.2) and Irwin 2 has established the general result.
The key point in Irwin's proof is the demonstration that the strain energy release rate. G. is
always related to the stress .,tensity factor, K, by

G - K' E for plane stress (5.3 3)
or,

G = K2j I - v2
);E for plaie strain (5.3.4)

(Using Equation (5-2.7) it is immediately verified that Equations (5.2.2) and (5.2.3) represent
particular cases of these relations.) That Equation (5.3.2) represents a general alternative
formulation of the Griffith criterion follows by using the above relations in Equation (5.2.8).
Also it might be noted that sometimes the strain energy release rate can be obtained directly,
and then the above relations can be used to give the stress intensity factor.

5.4 Bareablatt's Theory of Fracture

Another approach to brittle fracture has been developed by Barenblati. 5 ' Here, molecular
cohesive forces are postulated as acting between the opposite faces of a crack near the tip pro-
viding the resistance to crack extension. It can be shown that this approach again leads to a
fracture criterion of the form K :- Ke (Actually the formalism for this :heory is ver) similar to
that associated with the Dugdale model of Section 4.4 which it predated.)

6. FRACTURE CRITERIA FOR STRUCTURAL METALS

6.1 General

The establishment of a general criterion for the fraclure of a structural metal is the central
problem of fracture mechanics and it can be said at the outset that only partial solutions have
been obtained so far. At first an attempt was made to apply Griffith's criterion unaltered but it
was soon established from metal physics considerations," that any "surface tension" on a crack
in a metal was far too small to explain experimental results. Independently, Irwin and Orowan
in the 1940s proposed that Griffith's criterion be modified b replacing the "surface tension"
by "plastic work" as the mechanism now resisting crack extension.

An energy criterion of fracture of the form
G = G, 611

is still written where G is the elastic strain energy release rate (just as for a brittle material).
However, G, is now the rate at which plastic work is done in crack extension.

In order to apply '.his criterion it is necessary to carry out an elastic-plastic analysis of the
structure and to evaluate the changes in elasti strain encrgy and plastic work done as the crack
extends. No generally accepted calculation see i to have yet been made: one reason for this lies
in the difficulty of obtaining elastic-plastic sol! as in the first place. Some approximate analyses
have been performed," 6 but the results could . be used with confidence.
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6.2 Elastic Fracture NeIciMAics

The difficulties associated with the application of the "modified Griffith criterion" just
described led Irwin to investigate the simplfications that might ensue in cases where fracture
occurred with only very limited plastic flow. In the first place it was propossei that now the
eiastic strain energy release rate could be computed from the purely elastic solution. Thus, the left-
hand side of Equation (6. 1. 1) will be exactly the same as in the corresponding problem for a brittle
material. As regards the plastic work term, no attempt mas made to evaluate this explicitly.
Instead it was assumed, and the justification for this is not especially apparent, that this would
again be of the natjre of a material constant.

Under these assumptions, the argument of Section 5.3 can again be used to expres, the
fracture criterion (6.1. 1) in the alternative form

K = K, (6.2.1)

where, again, K is the stress intensity factor and K, is of the nature of a material constant, here
termed the "fracture toaguness". This result is, of course, formally the same as for a brittle
mate!rial, but the fohowing points of difference should be noted. For a brittle material, the
Griffith theory provided an expression for K, in terms of other, more basic, material constants
as is implied in Equations(5.3.1)and (5 3.2). No corresponding relation has been obtained here.
Also, for a brittle material K, depended on the elastic constants and the "surface tension":
here, K, is assumed to depend on the constants characterising the elastic and p;,;tic behaviour of
the material.

The criterion (6.2.1) is the one thi. has been almost universally used in predictions of the
residual strentrh of cracked aircraft structures. The fracture toughness is regarded as the key
material paramc!er and is normally determined by carrying out a fracture test on a standard
cracked specimen for which the stress intensity factor is known. The critical value of the stress
intensity factor is obta',ned by measuring the applied load aid associated crack length at fracture:
by virtue of (6.2.1) this is just the fracture toughness (which, of course, ha_ the same units as
the stress intensity factor). Once the fracture toughness is known Equation (6.2-1) can be used,
in principle, to predict the weakening effect of any crack configuration for which the stress
intensity factor is known. However, there are substantial difficulties in practice as discussed in
the following.

6.3 Fracture Toughness

In Section 6.2 above, the fracture toughness was described as being "of the nature of a
materia! constant". Unfortunately it is not a true material constant, tests on cracked plates show-
ing that it varies markedly with plate thickness. The geneial sort of variation is as indicated in
Figure 14. (For original test data see, for instance, References 4, 57 and 58.) The fracture toughness
has a maximum value for small thicknesses and, as the thickness increases it decreases, finally
becoming sensibly constant for some sufficiently large thickness. This constant value is termed
the "plane strain fracture toughness" and is generally denoted by the symbol Kit. (This is a poor
notation since the subscript "I" has already been associated with "Mode I" problems and the
subscript "c" just denotes critical values; however, all the above discussion relates to "critical
Mode I" situations irrespective of thickness effects.)

The reason for the variation of fracture toughness with thickness is believed to lie in the
different way plastic zones develop in plates of different thickness. In thin plates it seems reason-
able to expect plane stress conditions to apply. For thicker plates, even though no direct stress
is applied in the thickness direction on the surface, it is considered that plane strain conditions
wil! apply over some interior region due to constraints imposed by surrounding material on
the material actually yielding. Now, it has been seen earlier that the length of the plastic zone
ahead of a crack tip can be expected to be substantially larger for plane stress than for plane
strain conditions. In general it is considered that the lergth of the plastic zone will vary through
the thickness in the fashion indicated in Figure 15, i.e. outer plane stress zones surrounding an
inner plane strain zone. When the length ry of the plane strain zone is very small compared with
the thickness of the plate it is considered that plane strain will prevail through most of the thick-
ness. This variation in the nature of the plastic zone is also reflected in the different shapes of
the fracturr surfaces obtained in teSts.","9

At this stage it should be recalled that the whole thecry of elastic fracture mechanics has
been based on the stipulation that fracture occurs with only limited yielding. Although the theory
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was origiually developed using the t)pe of argument given earlier nov, the theoretical justification
seems to be made along slightly different lines. As remarked in Section 4.2, if onl limited yiciding
occurs, it can be shown that the stress intensity factor remains the key parameter in determining
the state of affairs around a crack tip. Therefore, under such circumstances. "it is considered
reasonabla" that a criterion such as (6.2. 1) should apply.

However, just what constitutes an acceptably limited degree of plasticity is a matter of some
contention. At least until recently there was a general view that fracture toughness tests were
admissible only when carried out under essentially plane strain conditions. These conditions
are generally formulated ai 60

B, a >, 2-5K1i 2jcy6  (6.3.1)

where B is the thickness of the specimen under test and a is the crack length. The implications
of (6.3.1) can be seen as follows. The size of the plastic zone in a plane strain fracture may be
approximately estimated by substituting KI, for Kt in Equation (4.2.8): this gives

r, = (1l!6) KIe 2, Ia
2  (6.3.2)

Using (6.3.1) in this last gives
B,a >_ 151rr, = 47r, (6.3-3)

Thus, when (6.3.1) holds, the plastic zone size at fracture should indeed be small compared
with the other dimensions.

Details of the procedures to be employed in fracture toughness testing are given in the
Standard 60 and some account of the more practical aspects can be found in References 61 and 62.
Handbooks giving typical values of the fracture toughness of aircraft materials are available.' l,"
However, it should be pointed out that the fracture toughness of a material can be very sensitive
to the exact nature of the heat treatment procedure employed in its manufacture. Cases have
been rported"5 wh;e apparently minor changes in heat treatment, which left the yield and
ultimate strength and the elongation virtually unaltered, caused over 100% changes in fracture
toughness; see also Reference 66- This shows the care that must be exercised in using handbook
values of fracture toughness and also points up the difficulties in establishing a fracture theory
that is based solely on classical continuum concepts.

The above paragraph has referred entirely to plane strain fracture toughness where the
condition (6.3.1) has been implied. Regrettably this is a ver-y restrictive condition in the sense
that it is eenerally only satisfied for relatively thick plates, e.g. around II mm (0.4 in.) for
7075-T6 aluminium alloy and over 30 mm (1 -3 in.) for 2014-T6 aluminiurn alloy. The required
thickness is somewhat less for the ultra-high strength steels say, around 5 mm (0-2 in.). Much
if an aircraft structure, however, com'-ises sheet material with a thickness of the order of I • 6 mm
(0-064 in.) and. at the moment, there is no accepted method of fracture toughness testing for
this situation (which is basically plane stress). One can, of course, always carry out a fracture
test on a particular configuration and evaluate some nominal fracture toughness. The question,
so far basically unanswered, is to what extent results so obtained can be applied to any other
configuration. However, attention should bc called to a very detailed "engineering solution" oV
fracture in aircraft-type built-up structures given by Brock.'

6.4 The Crack Opening Displacemcnt (COD) Criterion

The main present alternative to elastic fracture mechanics is the so-called "crack opening
displacement" (COD) approach. 6"' 60 Broadly, fracture is here considered to occur when the
separation between the opposite faces of a crack as measured at some appropriate point attains
a critical value. This criterion is often used in conjunction with the Dugdale model of a crack.
It will be recalled that there the real crack was replaced by a longer fictitious one loaded at its
ends. It follows that in the model there is a definite separation between points on the crack surface
at a location corresponding to the tip of the real crack. Using the notation of Section 4.4 it can
be established 5 6 that this separation, 8, is given by, for the case of a small crack in a tension
panet,

, (&r !IrE) in see (--/2c,1,) (6.4.1)

The criterion for fracture is simply
8 = 8, (6.4.2)

where & is of the nature of & material constant. 1.khen the applied stress, a, is small compared
with the yield stress, a,, it can be readily established that (6.4.1) reduces to

8 KZ1Fos (6.4.3)
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It follows that, in this case, the COD criterion is essentially the same as the elastic fracture
mechanics one. However, at least in principle, the COD criterion can be applied in the presence
of large scale yielding, Equations (6.4. 1) and (6.4.2) then providing the required relation between
applied stress and crack length at fracture for a tension panel. This approach is being widely
developed for application to fracture probemns in low and medium strength steeks (where the
Dugdale model appears to find its best application).

Some of the difficulties associated with the COD criterion have been outlined by Bluhm.
see page 118 of reference I. These centre around establishing a satisfactory test procedure for
measunng a critical COD.

6.5 The J-Integral Criterion

The so-calied J-integral is a mathematical formalism developed by Rice6 9 which, when
applied to problems of fracture occurring with little or no yielding, gives the same results as
elastic fracture mechanics but which is also capable of being applied in the more general case.

For two-dimensional crack problems, the following line integral is defined

J = J(Wdy - T. u,'bx ds) (6.5.1)

where the co-ordinate system is as shown in Figure 16. Here C is a curve surrounding the crack
tip which starts on the lower crack surface and ends on the upper one, s denotes the arc length

along this curve, T denotes the stress vector and u the displacement vector. The quantity W is
the strain-cne:gy density so that the stress-strain law for the material is given by

71/ •- •W/Zcf, (6.5.2)

where aij and ci1 are corresponding stress and strain components. For a linearly elastic material
W is a quadratic function of the strains and (6.5.2) is quite equivalent to Hooke's law. However,
it is aiso possible to use (6.5.2) with other forms for W to give stress-strain laws appropriate
to the deformation theory of plasticity. (These last are really only non-linear elastic laws and
do not have a general validity but they can often be usefully employed for cases where the applied
load is monotonically increasing.)

The physical significance of the J-integral is not especially evident from Equation (6.5.1)
but it can be shown, 6 that, for a linearly elastic material, J coincides with the strain energy
release rate G. Since the Griffith criterion for a brittle material could be written as G . G,
and, since for this case, J - G, it seems reasonable to investigate whether a criterion of the form

J -- J (6.5.3)

where.J is of the nature ofa material constant has a more general validity; in particular, whether
it can serve without any restrictions about limited plasticity. This is currently being very actively
studied, e.g. References 70-77, and results to date seem promising but the criterion could not
yet be said to have been definitively established.

7. MIXED MODE FRACTURE

7.1 General

The discussion of fracture criteria in the preceding sections has been limited entirely to
Mode I situations, i.e. to fracture under tensile loads where Ki is the only non-zero stress intensity
factor. However, parts of an aircraft structure will commonly be subjected to shear stresses
(along with tensile stresses) and thus there is interest in the behaviour of cracked elements under
conditions where Ki and Kit are both non-zero. (Some attention has been paid in the literature
to the situation where Kill is also non-zero 78 but this case Aill not be discussed here.)

7.2 Mode U Fractre

As indicated in Section 3.1, the basic case for Mode I1 fracture is a cracked plate under
uniform shear (Fig. 4b) where K11 is the only n3n-zero stress intensity factor. Te elastic solution
indicates that points on the crack surfaces displaw as shown in Figure 4b, a point on the top
surface moving to the right and the correspondink point on the bottom surface moving to the
left. It is frequently implied in the fricture nechanic literature that this type of deformation
carries directly over into the fracture mode, the crack extending along its le gth with the top balf
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sheanng off from the bottom half. However, there seems to be little experimental evidence of
such a fracture mode in a metal plate. On the contrary, in some tests on aluminium alloy sheet,
where the shear was applied by a "picture-frame" arrangement," fracture occurred by the

crack propagating at 450 to its original line (Fig. 17). No attempt was made to inhibit buckling
in these tests, and this could have affected the results, but then in an actual aircraft buckling

would also be virtually unrestrained. Experiments on cracked tubes under torsion, so that Mode
11 conditions approximately prevailed, have also been reported."s Once again the crack did
not propaga~e along its own length.

It is, of course, possible to define a critical stress intensity factor Ktr for the present case.
irrespective of the direction of crack extension; however, if the crack does not propagate along
its original line, this is only relevant to the first instant of extension since thereafter a different
geometrical situation prevails.

7.3 Mixed Mode I-Mode II Fractmue

Rather more attention has been paid to situations where both KI and Kjt are non-zero
than to the pure Mode It case; this is partly because a simple type of test specimen is available

here, namely, a tension panel with an oblique crack (Fig. 18). It can be seen from Figure 19
that the present problem can indeed be regarded as a combination of a Mode I and a Mode II
problem. (The direct stresses parallel to the crack in Fig. 19b have no effect-) For a small crack
of length 2a it can be easily established that the appropriate stress intensity factors are

K1 = a cos'a (ffa)4 (7.3.1)
and

K11 = a cos a sin& (Tra)o (7.3.2)

where cr denotes the applied stress and a is the angle shown. Several theoretical and experimental
studies of this problem have been carried out.",' 6.80,9 18 The experiments have established
that the crack extension is essentially perpendicular to the direction of applied tension (Fig. 20).

On the theoretical side the aim has generally been to derive an "interaction formula" ior fracture
such as

c(Kl~tc)", + d(KijKlic)" = 1 (7.3.3)

Broek4 has proposed taking c - d = I and m = n = 2 for aluminium alloy sheet (under plane
stress conditions). Shah~' found that c - d • m r = I gave good agreement with results
on thick plates of 4340 steel. At the moment, though, it does not appear possible to give any
reasonably general criterion for mixed mode fracture.

S. FATIGUE CRACK PROPAGArHON

8&1 Gener"
There is currently a great deal of interest in establishing laws for fatigue crack propagation

which are based on fracture mechanics concepts. The general functional form of these laws is

da/dN ý f(AK) (8.1.1)

where da/dN denot,-s the rate of increase of crack ltngth, a, with the number of load cycles, N,

and AK denotes the stress intensity range over a load cycle (i.e., the difference between the stress
intensity factors at the maximum and minimum loads for the cycle). Such laws are, at present,
largely empirical although fracture mechanics theory is used to provide guidance on general
forms. For reviews of the different laws proposed see, for example, References 4, 83, 84, 85 and
86. An introductory account of how such laws are used in considerations of the safe operating
periods for cracked, or potentially cracked structures has been given in Reference 86, and an
application to a specific aircraft is discussed in Reference 8. In the following a brief description
is given of what seem to be the most widely used laws at present.

1.2 Laws for CostWt Amplitud Cyclieg

The first law of the form (8.1.1) proposed and one that is still widely used today for constant
amplitude cycling is that due to Paris. It is given by

da/dN = c(&X) (8.2.)
where c and n are empirical constants. The exponent n is generally found to lie between 2 and 4
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but higher values sometimes occur."= The parameter c, as well as varying with the material, may
also be markedly affected by the test conditions (e.g. the environment).

The main alternative to Paris's law is one due to Forman. This can be written in the form'

da;dN ý- c(AK)"'(t -R)(Kc-Kmax) (8.2.2)

where c and n are (in general) different empirical constants. Here R is the stress ratio which is
the ratio of the minimum to the maximum stress in a load cycle, Kin" is the stress intensity
factor when the cyclic stress is at its maximum value and Ke is, as before, the fracture toughness.
It can be ;een that a- the crack approaches its critica! size for fract'c, the law predicts an
indefinitely large propagation rate.

Both the above laws have been shown to fit certain data quite well but the general applic-
ability of either of them remains a matter of some contention.' Of course the whole question of
fatigue is complicated by the relatively large scatter of experimental results commonly encountered.

8.3 Laws for Spectrum Loading

Both the previous laws can, in principle, be applied to the variable amplitude, or spectrum,
loading normally experienced by an aircraft in service. However, neither takes account of what
seems to be an important experimental fact, namely, that an occasional high (tension) load can
markedly reduce the subsequent crack propagation rate.' Crack propagc.tion laws which in-
corporate t hiseffect have been constructed. M, and shown togive agreement with limited amounts
of experimental data. However, their generality remains uncertain. Reference should also be
made to laws incorporating the so-called fatigue crack closure effects" which utilise fracture
mechanics concepts.

9. CONCLUSIONS

In the present paper, a survey has been made of the current status of fracture mechanics
from the point of view of aircraft structural applications. It is not simple to draw clear-cut
conclusions since the subject is still very much a developing one. However, the following assess-
ment is made:

(i) The stress intensity factor is a very useful parameter for characterising both the residual
strength of. and the rate of crack propagation in, a structure. It can certainly be used
in a qualitative fashion. For example, if by the design of some modification it can be
established that the stress intensity factor is substantially reduced, then significant
improvements can be expected in both static and fatigue strength.

(ii) The plane strain fracture toughness is likewise a very useful parameter for ranking a
material as regards its resistance to fracture. However, it is a parameter which some-
times is very sensitive to the precise nature of the heat treatment process and care should
be taken when using "handbook" values. There is a need for a satisfactory extension
of the concept to the "sheet thickness" range.

(iii) The extent to which elastic fracture mechanics can be used foi+ quantitative predictions
of the residual strength of cracked components is a rather more difficult question. It
can generally be used in the approximate calculations needed to assess the requisite
sensitivity cf NDI methods in a given situation. As regards structural applications the
theory seems to have found its best applications lor solid sections made in high-strength
materials such as the ultra-high strength steels, the 7000 series aluminium-zinc-
magnesium alloys and titanium alloys. The main difficulty likely to arise here is that of
determining an appropriate stress intensity factor for a complex geometry.

(iv) The question of an appropriate law for fatigue crack propagation, especially under
spectrum loadings remains very much an open one. Probably the best that can presently
be said is that if a given law has been found to give good agreement with test results on
a particular structure for a particular load spectrum, it is reasonable to employ the same
law for assessing the crack propagation chracteristics of the same structure under
other related spectra. Generally, it would seem that comparative, rather than absolute,
calculations should be made,

(v) In summary, when it is required to apply fracture mechanics to a structural problem
in a predictive situation it would seem prudent, at present, to support the theoretical
results with a reasonably representative test programme.
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APPENDIX
Occurrence of Square Root Function in Elastic Crack Problems

Here a simple argument is presented to indicate why the occurrence of the square root func-
tion might be anticipated in the elastic so!.tions to crack problems. Consider first the mathe-
matical properties of the sq-are root function defined in an unbounded plane region %,hlch has
a slit extending from the origin to infinity along one of the co-ordinate axes (Fig. AI). This slit
has exactly 'he same properties as those ascribed to an idealised crack in Section 2. It is con-
venient to work in'terms of the complex variable

z x-- iv (Al)

where x, y are the rectangular co-ordinates in tne plane- Introducing polar co-ordinatcs (r. P),

as in Figure A2, it follows that
- - r cxp iR (A2)

Consider now two points A and B on opposite faces of the slit. Just as in the elastit. problem a
crack represents a barrier as regards the transference of any tensile Ic.,d (thinking of a Mode I
problem), so is the slit here regarded as a mathematical barrier. The only valid matlematical

paths linking A and B are those in vhich a circuit is made around mne origin O it is not permis-
sible to jump directiy across the slit from A to B since this involves passing, albeit momentaril).

out of the defined region. One permissible path is via the circle shown. Fhus, it seems reasonable

to characterise A by the value 0 = 0 and B by the value 0 -_ 
2 ,r. Note. however, that si-Ice

exp i i exp i 2,r = I (A3)

it still follows that
-A- Z=R (A41

i.e., the actual co-ord-nates of A and B are the same.
But consider the square root function. From Equation (A2)

' :-- N rexpi12 (A5)

Evaluating this at A and B it follows that. despite Equation (A4),

Sz.4 -- N :tR = 2,yr (A6)

Further insight is provided by some elementary geometrical considerations. Every point in the

region of Figure A2 is characterised by a certain value of z. If, for each such point, the value of
the square root function as defined by Equation (AS) is plotted the resultant region is as shovn

in Figure A3, i.e. the square root function conformally maps the infinite region with a slit (Fig.
A2) on to the upper half plane (Fig. A3). Note especially that the re-entrant angle of 21T formed
by the two faces of the slit at the origin has been "straightened out".

Now consider the ihysical situation for an elasti, material with a crack. In the first place
it can be shown that there exists a close connection b,,ween the solution of an elastic problem

for a region of given shape and the function which conformallv maps this region on to the upper
half plane. The two are by no means necessarily identical but there is a connection: the reason

for this lies buried rather deep in the theory of partial differential equations and will not be
pursued here. Secondly, consider again the pair of points A and B of Figure A2 now treated as
points of the mater.I which are almost contiguous in the absence of any load. If a tensile load,
whose line of action is parallel to the y axis is applied, then the vertical displacements vA and
v8 , say, of A and B will be oppositely directed as the crack opens up under load, i.e. there will be

a result of the form
VA-rB (A7)

where 8 denotes the separation. The displacement of a point in an elastic body is always some
function of the co-ordinates of that point in the undeformed condition; in the present case, then,

"it is necessary to find a functional form for the displacement which assumes different values
depending on whether the point under consideration is on the top or bottom surface of the
crack (always bearing in mind that the position co-ordinates of such a pair of points are virtually
the same). By comparing Equations (A6) and (A7) it can be seen that the square root function
satisfies this requirement. If the displacement is proportional to Vr then the stresses will be

proportional to I/v'r since in an elastic material the stress is proportional to the strain, which

last is a derivative of the displacement.
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FIG. 19 TENSION PANEL WITH OBLIQUE CRACK AS
SUPER POSITION OF MODE I AND MODE II PROBLEMS

Crack extension thus.
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DISCUSSION

QUESTION- Dr. A. K, Bead 4CSIRO, Pivivion of rriboph sics)
The application of elastic fracture mcchanics to static real fracture is often -justified- by

saying that the plastic zone is small
In applying FM to fatigue it is seen that this justification could b. taken in two ways: that

the size of the plastic zone is small or that the plastic deformation in the zone is small. The
former is probably true enough in fatigue but the latter is not (wher the total plastic deformation
ovcr the number of cycles is considered). Is there any indication as to the reiative importance of
size of zone smallness or total plastic deformation smallness for the validity o" fracture
mechanics?

AUTHOR'S REPLY
Whilst some analyses of fatigue crack growth which start from a postulated dislocation

*nodel have led to the typical fractcre mechanics law of Equation (8.2.1) - see, for instance,
R A. Bilby and P. r. Heald, Crack Growth in Notcl. Fatigue, Proc. Roy. Soc. (A), vol. 305,
pp. 429-39, 196g8-the basis for all such laws is generally considered to be essentially empirical.
However, it might be expeced that the stress intensity factor would be a key parameter in any
crack problen,, either static or fatigue, where the geometric size of the plastic ?one was snall
compared with the crack length because, in that case, a study ol elastic plastic solutions shows
that, in the vicinity of the crack tip, all the apparent physical parameters of the problem (load.
crack size, general geometry) appear combined in the stress intensity factor. (This. however, is
not the case for large-scale yielding.)

QUESTION-J. C. Ritter (MRL)
I wish to add to Mr. Hoskin's observation that the commonly accepted formulae for

estimating the plastic zone size, particularly in plane strain, are arbitray and give approximate
answers. These estimates apply only tt the ideal case of homogeneous Jeft;, mation at the crack tip,
Real str-ctural m4terials show varying degrees of ion-uniform dziormation determined by the
presence of diffei-nt phase particles in the microstructure. The resulting crack-tip deformation
may be fairly uniform, as with quenched and tempered steels, or it may be broken up into hands
of intense shear as with some age hardening aluminium alloys. The estimated plastic zone siLe
then has little meaning; for example, K, test specimen dimensions based on this estimate

become spurious.

AUTHOR'S REPLY
My remarks on the approximate character of the formulae (4.2.6), (4.2.7) and (4.2.8) for

estimating the size of the plastic, zone were in the context of the classicsl continuium theory
of plasticity. This last, of course, does not concern itself with microstructure phenomena and I
could not comment on the added uncettainties associated with the type of efrect raised by the
questioner.

QUESTION--MiLe Murray (CSIRO, Division of Tribophysics)
Mr Hoskin in hii talk rightly, ! think, implied that it was not possible to determine fracture

toughness for a material without first fracturing it. I have been interested in this fact. and wonder
whether one should be able to predict fracture toughn.-ss for a homogeneous, isotropic, elastic-
plastic solid. Although no real solid would be expected to approximate closely to this description,
the description itself represents an ideal limit from which we may gain some insight.

If we suppose our ideal solid to be

(a) capable of fracturing in the first place,
(b) capable of setting up a plastic zone arcund the crack tip, and
(c) that sufficient energy is dissipated during a stable propagation, so that we can ignore

surface energy,
then it is difficult to conceive of any dimensional parameters other than E (Younj'% mcndulus
for an opening mode crack) and a. (yield or appropriate flow stress) which could have a bearing
on this problem. For the simplest dimensional analysis we require in addition a length, 1, so
that we might write
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We take . ' because usually toughness increases as cr decrease%. We find that if we writc
El

[G,,] = A b ( 4 is a dimensionless constant)

and obtain u, from hardness (77% strain), set A -I, and set L equal to about one atomic
distance (abandoning the continuum solid), the equation 'erft roughly give- the observed answer.

Use of the normal linear elastic fracture mechanics equation for plane strain plastic zone swe

I E G,

6f. (0 -v 2
)u3 ,

2

leads to a plastic zone size
E 3

y3, b

This equation then represents the automatic long range constraint that the ideal body places on
the crack tip plastic zone size.

I must emphasise that this reasoning is highly speculative and may turn out to be valueless.
Dr. Ritter in his previous question has alluded to the idea of a short range effect skhich can

overcome the long range one if particles of a second phase are present in a body. He suggests
that the plastic zone concept might become inapplicable, and indeed for some cases he may be
right. However, I have investigated one system (a WC-Co aggregate) whch I regard as an extreme
case of the short range effect, and find that it can be adequately described using a modified form
of the normal LEFM approach. The limitation on plastic zone size in thiv ease is simply the
interfacial separations of the particles.

AUTHOR'S REPLY
Presumably if one could carry out a satisfactory elastic -plastic analysis of a cracked structure,

and if one could then apply the lrwin-Oro%%an energy balance concept one would get a formula
for the critical stress in which some quantity analogous to the fracture toughness appeared as a
combination of the material constants of classical continuum analysis, such as Young's modulus
and the yield stress. This was the type of analysis carried out bý Goodier and Field (Reference 56
of the paper); see also P. L. Key, The Effect of Local Yielding on the Strain Energ) Release Rate,
Trans. of ASME, Journal of Basic Engineering, vol. 91, pp. 852-54, December 1969. However,
as indicated in the paper, the results of such analyses-which generally involve substantial
approximations-are not always easily interpreted. (Of course, whilst general energ) considera-
tions would suggest the reasonableness of the Irwin-Orowan concept as a necessary condition
for fracture, it may not be a sufficient one and results derived from it may not be correct.) The
point raised in Section 6.3 of the paper about changes in heat treatment which leave the standard
elastic and plastic material constants unaltered but which may cause large changes In fracture
toughness also is relevant here; if this turns out to be the general situation it is difficult to see
how the fracture toughness would ever be reliably predicted by a classical continuum analysis.

The dimensional analysis presented by Dr. Murray is interestino but I do not have a clear
understanding of the significance of the length parameter which it is necessary to introduce.
I am not sufficiently familiar with the metal physics aspects of fracture to know whether fracture
toughness can be adequately correlated with some linear dimension characterising the micro-
structure.
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FLIGHT LOAD RESEARCH AT A.R.L.

by

A. K. PATTERSON and C. K. RIDER

SUMMAAR Y
Flight load research at A RL since 1947 has folkowed two distincl lines. One has been

related to the need to esrabliss, walid flight load statistics for fatigue life estimation- The
other has been the measurement of stress distribution using specially instrumerred
research-flight aircraft. Progress in the Iwo activities has not been uniform, with significant
advances being closely related to technological developments.
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I. INTRODUCTION

ARL Report SM87-A Programme of Flight Load Research-was published' in February
1947 by the CSIR Division of Aeronautics.: It set out the purpose and methods for routine
monitoring of flight loads, but also argued the case for special research test flights to "study
the -orrelation between accelerometer readings at the c.g. with peak stesses at the critical
sections of the wings, particularly under dynamic loading conditions".

Nearly thirty years later, the same dichotomy of flight load research applies, albeit with a
change in emphasis from civil to military aircraft. In consequence, it should be instructive to
trace the development of flight load research at ARL and seek to identify factors which have led
to significant progress

2. ROUTINE MONITORING OF FLIGHT LOADS

The aim of routine monitoring is to obtain valid statistical load data. Normally this implies
the need for long-term sampling. To obtain good data it is essential that the instrumentation is
reliable and data collection and extraction is simple and unambiguous. The NACA designed
V-g Recorder which traces out an envelope of speed and load on a smoked-glass slide by the
action of a stylus was used extensively by ARL from 1947 until 1952.2 The instrument is a simple
mechanical device, it was fairly easy to install and it appears to have been very reliable. Donely
of NASA, in a paper to the Fifth ICAF Symposium in 1967, reported on a programme which
collected more than 20,000 hours of data with V.g. recorders, an impressive performance since
the data extraction is a tedious manual operation.

By its nature, the V-g recorder provides useful data only on the largest positive and negative
loads occurring during the period for which each slide remains in the recorder. Frequent changes
of recording slides cause serious logistic problems for a programme of routine monitoring.
Infrequent changes lead to ambiguity in data interpretation, and reduction in the range of the
!oad spectrum defined by the programme.

For these reasons, in 1952, ARL switched" to the RAE designed Counting Accelerometer.
This instrument contained a large number of mechanical counters for recording the number of
exceedances of positive and negative thresholds of acceleration, together with airspeed and
altimeter indicators. An automatic camera, operated by a timing and relay system took photo-
graphs at ten-minute intervals. It is not surprising that, with such complexity, reliability was poor.
Data returns' of less than 50% of the recording period were normal. The solution was to simplify
the system by removing the automatic camera, and to read the counters when the aircraft was on
the ground. Naturally this also removed the need for the airspeed and altitude indicators.
Subsequently, ARL obtained nearly 18,000 hours of satisfactory recording6 over a three year
period of operations by two DC-6 aircraft owned by ANA.

Further simplification led to the RAE Fatigue Meter with a standard set of six acceleration
threshold counters. With this instrument, a sample of 70,000 hours of flight load data" was
obtained from ten Viscount aircraft owned by TAA. These large samples provided solid statistical
data for flight load spectra applicable to aircraft operations similar to that for Viscount aircraft.
However, because speed and height had been deleted from the data, it was no longer possible to
determine either the altitude or location at which flight loads had been recorded, and it was not
practical to use the flight load •pectra for new aircraft operating either at much higher or much
lower altitudes than the DC-6 or Viscount. Nor can the data be re-assessed to provide altitude-
classified power spectra for the definition of gust loads in Australia. This has created a problem
for assessing new aircraft designed against" the current MIL-SPEC.

More than 20 years after their first use in Australia, fatigue meters are monitoring the
safe lives of M~rage III o and F-I I Ic aircraft of the RAAF. For the F-I I IC, the variable geometry
requires a need for more than one set of counters, thereby removing the simplicity and lack of
ambiguity which previously characterised the instrument. For the Mirage, the wide range of

94



speeds at which loads could be applied to the structure created a need to fit V-g-h recorders9 to
five squadron aircraft in 1973. The V-g-h recorders were designed at ARL' 0 to sample accelera-
tion (g) twenty times each second, and speed (V) and height (h) once each second. Data were
recorded in the form of frequency shift keying, using a ternary coding system, on a Philips
EL 3002 cassette unit.

These recorders proved to be more reliable than the fatigue meters installed in the same
aircraft. However the data extraction for the 650 hours of continuous recording proved to be a
most time-consuming operation. Nevertheless, a valuable statistical sample of flight loads for a
fighter aircraft was obtained and a useful check made on the load cycle counting accuracy of the
fatigue meter. This confirmed " an earlier ARt investigation' 2 which had revealed an un-
certainty in the counting thresholds of fatigue meters. The V-g-h recorders also provided a
picture of the frequency at which linking manoeuvres were performed. These are manoeuvres in
which significant cycles of load occur about high mean levels of load and consequently are not
recorded by the fatigue meter.

It is our opinion that the complications in load monitoring on the Mirage I11o and F-I I IC
aircraft are indicative that the fatigue meter's useful life may be limited. Currently we are working
with BAC (Australia) Pty. Ltd. to develop a "range pair counter" for monitoring fatigue at 12
locations in an aircraft structure. '3 Strain cycles in the form of range pairs between every pairing
of 15 different strain levels are counted and stored in the magnetic core memory of the unit.
Read-out of the fatigue history may be obtained, as required, by using a digital magnetic tape
cassette recorder.

The instrument, now called AFDAS (Aircraft Fatigue Data Analysis System) is based on
two principles: firstly, that the most direct measure of stress which is available should be the one
used; and secondly, that only data relevant to the fatigue calculation should be recorded. The
first principle is met by using electrical resistance strain gauges, and the second by recording
data as range pairs. It is considered that this approach by-passes the accuracy and computational
problems inherent in obtaining stress from mathematical models which require measurements
of aircraft state and motion. The data processing task is also greatly simplified in comparison
with continuous recording systems which of necessity require the reading and rejection of data
not required for fatigue analysis. The AFDAS equipment has the further advantage of poten-
tially high reliability due to its completely solid state electronics.

Following extensive bench testing of the prototype, the AFDAS principle was confirmed by
cross-reference to a continuous recorder simultaneously carried on four flights by a Mirage test
aircraft. Reliability evaluation is currently in progress.

3. RESEARCH TEST FLIGHTS

A review of the last thirty years of test flight instrumentation reveals that progress has
occurred in jumps rather than at a uniform rate. Techniques used in 1954 for measuring flight
strains in a Dove,"' in 1962 on a Vampire Trainer'" and in 1966 on a Prospector agricultural
aircraft"' are quite similar to each other and indeed to the methods outlined in 1947 by ARL
Report SM87. However significant advances in both the scope of instrumentation and the
techniques for recording occurred between 1968-73 with the introduction of first analogue,' 1
and then digital' magnetic tape recording of flight load data. The stimulus for these rapid
advances was provided by the need to measure both temperature and strair.= throughout the
structure of the RAAF Mirage Ilio aircraft.

The accuracy and detail in the load data which was obtained with the new tape recording
system enabled us to establish with certainty such factors as the non-linearity of wing-spar
strain/g under manoeuvre loads, and dynamic amplification of strain/g under gust loading.
Table I, extracted from SM Note 401 '9 illustrates the weight of data which the tape recording
system enabled us to apply to our flight load analysis.

A typical configuration of the digital Data Acquisition System (Fig. 1) allows 50 channels
of data to be sampled 60 times per second for one hour. Submultiplexing has also been used to
sample variables such as airspeed, altitude, fuel weight at a slower rate. Each sample is converted
to a 12 bit digital word in "offset binary" code and these words are written as 2 bytes of 6 parallel
bits on the tape, the seventh track being used for a parity check character. Data is blocked into
records in a fully computer compatible format, using long records of 15,000 bytes so that inter-
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record gaps take only 5% of tape iength. During gap periods, incoming data is stored in a special
"first-in, first-out" buffer memory so that a continuous time history is recorded. Use of a
computer-compatible format eliminates the need for a special ground-replay station. Accuracy
of recording approaches 0. 1% and l10 data points are recorded on a typical research flight.

This system has been the subject of continuing development, and now includes remote
multiplexing, analogue to digital conversion modules, and extended digital input facilities. To
facilitate preliminary in-field evaluation of flight data, a quick-look system centred on a mini-
computer has been developed.

In retrospect, the development of the present system can be closely related to the rapid
"expansion in the use of digital computer installations during the 1960s. In fact, since a PDP-10
computer was installed at ARL in 1968, the analysis of tape-recorded flight data has taken a
major share of the core-time capacity of the installation.

It is interesting to compare the complexity of instrumentation for flight tests of the Vampire
MK35 Trainer Aircrart" (1962) where "all [instrumentation] wiring in the aircraft was installed
by the RAAF, in accordance with a simple wiring diagram supplied by ARL" with the flight test
requirements for the Mirage fatigue investigation2" (1970) where 182 drawings are listed for
the wiring modifications to the test aircraft A3-76.

The new system has also changed drastically the staffing requirments for analysing the test
data. In the days of photographic trace recording the most time-consuming function was the
reading of traces, 2" and the Laboratories maintained a number of technical assistant positions
for that purpose. The requirement now is for electronic designers, programmers and data
analysts who can devise systems for ensuring the validity of the large samples of data. Such
people must make decisions upon which depends the accuracy of large scale tests. Consequently
they require the training and background which leads to professional qualifications.

4. FLIGHT LOAD RESEARCH DEVELOPMENTS DURING THE NEXT DECADE

We have seen that the techniques in use for Ilight load monitoring have not varied greatly
since 1955 because the necessity for reliability in long term monitoring programmes required a
simple electro-mechanical device such as the fatigue meter. The high reliability of modern solid
state circuitry now permits the development of equipment with considerable data processing
capacity for monitoring stress at a number of critical locations in an aircraft structure. At the
same time the modern computer provides means of handling a greatly increased quantity of
recorded data. In our opinion, the complexity and cost of the next generation of aircraft will
provide the stimulus required to perfect new systems for flight load monitoring.

The situation for research test flying is quite different, with significant developments in
recording techniques occurring in the last ten years. The data acquisition system now in use
requires only minor modifications to be representative of the best of current technology. Its
capacity is also compatible with modem data processing equipment.

The most likely changes in the next ten years will be the replacement of magnetic tape as
the storage medium by magnetic bubble memories or charge coupled device memories. The
present trend from analogue signal conditioning to digital processing will no doubt gather
momentum, with increased use or digital filtering and data compression techniques.

It is interesting to note that the quality of the basic load monitoring transducer, the
accelerometer, has improved steadily during the last fifteen years as a result of a quite different
stimulus-the development of inertial guidance for space research. The development in strain
gauge technology is also interesting. Ten years ago, semi-conductor strain gauges appeared to
offer a promising alternative to the traditional resistance gauges. However, problems of tempera-
ture sensitivity and unreliability became apparent while simultaneous development of solid
state amplifiers reduced the need for high gauge output. Additionally, the adoption of modern
manufacturing techniques has improved both the reliability and performance of resistance gauges
to a very high standard. The foil strain gauges (Baldwin Lima Hamilton FAB-12-12513) used"2

on Mirage A3-76 are clearly superior to the wire gauges (AB-I 1) used for Vampire flight tests in
1962. Consequently it appears unlikely that major changes in the flight load transducers will
occur in the next ten years.
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5. CONCLUSION

This review of techniques for flight load research at ARL has indicated that progress in
flight load monitoring and research test flight instrumentation has been sequential, rather than
parallel. The time scale of significant developments has been in intervals of around 15 years,
similar to that for new aircraft type development, but significant influences have been exerted
by developments in electronics, particularly those related to digital computers. It is likely that
the trend towards miniaturisation of special purpose computers will result in the selection and
compression of flight load data before recording, particularly for routine flight load monitoring.
The incieasirg cost of aircraft replacement will provide the justification for this more sophisti-
cated and expensive flight load monitoring equipment.
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TABLE I
NMirage A3-76: Flight 2 135

Ratios of RMS values of vertical acceleration (Z) and wing stresses for 100 second sample periods
of severe turbulence flight data

(Sample rate 60 sec)

r- - -I
I RMS values Ratios of RMS values

Sample Flight Tas Tuel -_
no. direction (kts) (gals) sZ s38T s3T sIC s _

( (Wl) sZ s38T 08T ISICI I(ksi;g)

Fuel Status I
I w 391 773 • 191 I 1-26 6-60 569 -621 1-08

2 SW 436 734 .207 1 -42 6 -86 -565 '601 1 -02
3 SW 397 706 -232 156 6.72 -563 .604 1-04
4 SW 410 675 -309 2-05 6-63 .571 -618 1-06
5 SW 411 655 *258 1-71 6-63 -566 .608 1-08
6 SW 416 636 -295 2-01 6-81 -570 -613 1-04

Fuel Status 2
7 Sw 426 597 -317 2-10 6-621 -571 .617 1.03
8 SW 415 578 -289 1-87 6-46 -563 -608 1-06
9 NE 436 527 -271 1-58 5-83 .561 -604 1-38

10 NE 452 508 *345 2-05 5-94 -571 -622 1-26
11 NE 437 488 -375 2-16 5-75 .572 -621 1-27
12 NE 444 468 -307 1-81 5-90 -567 -608 1-29
13 NE 432 449 -340 1-91 5-62 -567 -621 1.34
14 NE 417 430 -254 1-47 5-79 -561 *603 1-27
15 SW 380 415 -242 1-50 6-18 -563 -609 1-04
16 SW 390 395 -326 2-01 6-17 "568 -612 1-06
17 SW 395 375 *278 1-74 6-25 -561 -607 1-08
18 SW 405 357 -285 1-77 6-21 -560 -606 1-08

Fuel Status 3
19 NE 425 293 -336 1-92 5-70 -567 "610 1-26
20 NE 424 273 -375 2 2-07 553 -.566 .612 1-31
21 NE 432 254 -255 1-43 5-61 .560 -601 1-26
22 NE 395 200 -220 1-21 5-51 -556 -601 1-23

Extract from SM Note 40i (Reference 19).
Note: 38T, IC, 2T are strain gauge positions on starboard wing; 18T is on port wing.
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DISCUSSION

QUESTION-iH. 4. Widl% (Retired)

About 1946. as part of ARLs general attack on the investigation of flight loads. Radok
worked out some theory for the dsnamic response of an aircraft, regarded as a resilient body. to
atmospheric disturbances- This he later followed up with flight measurements on an instrumented

Lincoln aircraft flown in turbulent conditions generated in winds over Mt. Elephant and Cape
Woolamai--ard obtained a measure of agreement with the thecry.

It seems to me that a knowledge of the dynamic response oF" aircraft to impulsive loads
would be valuable information for comparing the effects of different mission load spectra on a

given aeroplane.
Ilas anyone done any recent work on this aspect?

Author's Reply

The research to shich Mr. Wills refers was aimed at developing an analytical theory for
predicting flexural and torsional deformations under gust loading, and some measure of agree-
ment was obtained with experimental results.' However, by 1953, it was clear that statistical

methods developed for the analysis of random time series were particularly suitable for the
prediction of aircraft response to atmospheric tarbulence. 2 The P.S.D. or power spectral density
method establishes an invariant transfer function T 2 (f) between a specific aircraft response and

a random gust input of constant "'scale-length" and intensity. The trarsfer function may be

calculated or experimentally determined. Once established, it is used to predict response
cxceedanL•, statistics for cifferent missions or anticipated aircraft usage.'

Since 1960 gust research at ARL has concentrated on the experimental determination of
the power spectra of atmospheric turbulence at different flight altitudes and of the response of

military aircraft to that turbulence. hi 1963 .ýc co-operated with the RAE to determine the scale-
length of high altitude clear air turbulence which is commonly associated with upper level jet-

streams.' In 1969 we measured the P.S-D. parameters of severe low level turbulence near

Katoomba, New South Wales, and the response of a specially instrumented Mirage Illo aircraft
of the RAAF.5 These results were used by Sherman to estimate the gust loading of a typica!

squadron aircraft.' More recentl). measurements of gust input and response have been made [or
the Macchi MB326H trainer aircraft of the RAAF, and ground resonance tests have been carried
out to provide accurate structural data for the developmen, of a mathematical model o;

response. 7
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GUST MEASUREMENTS AND THE No PROBLEM

by

DOUGLAS JOHN SHERMAN

SUMMAR Y
The N, problem , ihe problem of inerpreting level crossing cowls of a procems with

a large number of smallfluctuations superimposed on a lesser number of largefluctuarions.
It is shobw that if fTucuations smaller than some spetOed amomu are removed from a
time history, the number of level crossings is reduced. An empirical fornmula is given for
the amount of the reduction in a time series of atmospheric turbuence velocities.
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NOTATION

SYmbol Definition Equation

A A a 1.9
., Aspect ratio
a Reference time 1.2
a Parameter 3.2
hb, b, Parameters I.I1
C(C.) Theodorsen function 2.4
('ij Range pair exceedance matrix component
c Wing chord
D Amplitude discriminant
Fýw) Averaging factor to allow for spanwise variations in gust strength 2.8
Fq Matrix of range pair flags

--, - Fourier transform
f Frequency (Hz)
ft Cut-off frequency 2.1, 2.2
HlAf) Transfer function 1.3
H•(')(-) Hankel function of second kind 2.5
k Wave number 2.9
L Integral scale of turbulence 1.1
L(p, q) Level crossing function 3.4
It ith moment of P!(f) 2.1, 2.2
N(v) Frequency of up-crossing of level x 1.5
N, Frequency of up-crossing of level .i 1.6
Nb•(x) Frequency of up-crossing of level x when discriminant D has been

applied to time series
N00 Value of N. with zero discriminant 3.1
P Power spectrum

P., P, = Power spectrum of x, w, etc.
P1 , P, Parameters 1.11
p~ou.) Probability density of aw
S(fo) Sears function 2.3
t Ti me
tj Fraction of t:me spent in the ith altitude band 1.13
U Relative velocity between observer and turbulent patch of air
w(t) Gust velocity
x(t) Aircraft response. In particular x(t) is usually taken to be the vertical

acceleration at the aircraft centre of gravity
_-(t) The process obtained by smoothing xr() with an amplitude dis-

criminant D
.x Mean value of x
hi Coefficients 3.2, 3.7

Amplitude discriminant
a Standard deviation

ax, all. = standard deviation of x, w
w Non-dimensional frequency 2.6
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INTRODUCTION

In turbulence. %crs small fluctuations in gust %,eloco occur %cry frequenll% and arc respon-
sible for a large number of lesel crossings in a stress time-hislory of an aircraft structure. This
gises rise to the problem of detining the ,alue of A'.. the mean frequency of upcrossings of the
mean signal level. For a process %ith a son Karman power spectrum fe.g. idealised atmospheric
turbulence) the .N, salue is zheoretically infinite, and for practical atmospheric turbulence the
A, %Saue i cxceedingl large and controlled largelh by the dissipation of turbulence at wase
lengths of the irdei of millimetres

For aircraf, reponse. the smoothing out effect when upgusts and downgusfs occur simul-
t.neous!,. across the aircraft span-must be taken into account. Fven so. a large number of small
load c•cles are included in the rcspornse It will he show4n that if such small c.,clcs are eliminated
from a stress time-hislor%. the parameter N. is reduced. Further the conventional formula for
the gust-load exceedance curse must be modified.

The conventional method of counting or nredicting numbers of load exceedances is in-
adequate because the inclusion or exclusion of small amplitude high frequency fluctuations can
make ercat difference, to numbers of exceedances. What is needed is a probability distribution
of cycle amplitudes associated %4ith the peaks occurring between each pair of levels at which
upcrossings are counted or predicted.

i. THE METHOD OF CALCULATING GUST LOADS

In this section sse will introduce the notation and the main assumptions involved in the
poer spectral density method of gust load ana!ysis. The reader who is already acquainted with
these may proceed directly to Section 2.

Atmospheric turbulence causes a large number of loads of minor severity on an aircraft.
and a considerably smaller number of loads of greater seventy. The expected number of loads
of any severity can be estimated by either the -cdiscrete-gust" method, or the so-called "power
sp-Ctrum'" method. Both methods have in common the fact that they can be divided into two
parts. One part i. the calculatioii of the aircraft response, which is onl, dependent on aircraft
parameters (and, in the case of the power spectrum method, on the integral length scale of the
turbulence). The other part is the calculation of the probability of occurrence of turbulence of
diffLien: seoerities. This is i function of the pat, of thc atmosphere :hrough which t!c aircraft
flies, but is independent of aircraft type.

Historically. the "discrete gust" method was developed first, and it is still satisfactory and
very convenient for a non-flexible aircraft. It is the basis of the method adopted by the Engineering
Sciences Data Unit (ESDU, May 19 7 2)' but will not be further considered here- The "power
spectrum- method is of greater generality, in that it can handle the case of a flexible aircraft.
It is, however, of greater complexity because it requires the evaluation of two aircraft dependent
parameters, and the evaluation of one of these-the parameter N 0-is, in some circumstances,
an uncertain procedure. In the next section we will examine a significant problem involved in
evaluating N,.

The derivation of the power spectrum method is given by Press and Steiner (1958)2 and the
method has been adopted by the USAF (March, 1971). Some recent determinations of the
parameters defining the probability of occurrence of turbulence have been summarised by
Garrison (1971).' Within a given patch of turbulence, the vertical velocity component, -•t). is
assumed to have a von Karman power spectrum,

2 2L I+ !(af)2P .,( f )a ) 2• )_-.;

and this asymptotes to an f ,'' power law at high frequencies (af)> 1). In this equation, U is
the velocity of an observer relative to the turbulent patch of air, andf is an observed frequency.
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L is the integral .Aale of turbulence,, a 's,, the ",ariance of the Nelocits component, %I! ). and the

refere'nce- m.a glsep b)
a 1 339 - 2n (- LI

The 7-fcrence li-re. a. is of the order of 10 seconds in man., applications. (For clample, an
anemometer situated 10 m above the ground, with L 10 m. and a speed of 8 .4 m N, or an
aircraft flting where L. 200 mi at a velocito. U 168 m s) A graph of P,A fi given in
Figure I.

If the protx.-s. b(t). is assumed to be a Gau,,sian process within the patch of turbulence
under consideration, then so too is any linear function of tj I). For ex;ample, the sertical accelera-
tion of the aircraft, or the stress at some point on the aircraft, is commonly assumed to he a
linear function of hit). Consider such a parameter, which will. for gei:,.:litv. he denoted x(ti.
The aircraft is assumed to behave as a linear s~stem with a transfer function HA p). where

H, f) .-. T(f IIF:Kj',t)(13)

with .F(- - -} being an operator to denote a Fourier transform. We ha,,e
PA( f ) .. H,4f rl P, f ) (14)

and because of the assumed Gaussian nature of the time series involved. Rice's' formula apphes
for the average frequency of upcrossings. N/x). of the 1 -1 x,

N(x) - N.exp *-(.v s) 2 '2ez' (W .5.1
where ( 12

( - (I16)

P,!) df

and

is the standard deviation of the process x(i). Equation 1.5 ma) be re-wntten ini the form

,(v) -- A'0 p (I 5a)

where p(x) is the probability distribution of the underlying time series x(r). This latter equation
holds more generally than for Gaussian processes. In fact it holds whenever the process x~t) and
its time derivative dx(t)idt are statistically independent. However, the argument has been restric-
ted to the Gaussian case because it greatly simplifies considerations presented later (in Section 3).

It is convenient to re-write equation 1.5 in the form

N(X) A Ao exp I - , (x i) (1.8)

where
A - azhw (1.9)

When an aircraft flies through patches of turbulence of different severity, the mean frequency of
upcrossings, Ntx), of the composite case is a weighted average ofequation 1.8, with the weighting

factors being the pcobability density. p(a.), of the occurrence of a,.

N(x) 0SoM(,,.) exp- (X R) da,, (1.10)

It is known (see e.g. Press and Steiner (1958)2) that the probability distribution of vertical
acceleration obtained from counting accelerometers and VGH meters can for an aircraft operat-
ing at fixed speed and altitude, usually be fitted fairly well by the empirical formula

N(x) = No{PI eip (--x/Abj) -, P 2 exp ( -x!Abz)} (1.11)

where, in this case, x is the deviation of the acceleration from the I g steady fight value, and

so xR 0- By use of the known definite integral

2 2 q ) x • , (- 2pjq)

it may be shown that p(e.,) can be expressed as the sum of two folded normal distributions
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rl 2

if equation 1.10 1, to reduce to 1.11 upon subtilution of the extpre-ssion for ~~
thi, expresxton -Atll he used later. hut for the present it is not nectssary to use the
precise form of the distribution of pqo, ) it i% 5ufficient to mcrely argue that if po.,) is such that
equation 1 10 reduces to the equation 1. 11 in the special case when x is the deviation from the
mean of the scrtical acceleration of the aircraft, then it follows that 1 10 will also reduce to the
equation 1. 11 (tith an appropriate choice of the parameters .4 and NO) in the general case when
v is thc dcstation from the mean of aný other parameter which depends linearly on %it). In the
special case it -%. .4 1. and [he expression in brace in equation I I I is just the probability
of encountering turbulence of an% given s~eteriti. The parameters P,. P,. b,. b2 will be functions
of Altitude. climatit. region. terrain, etc.. but in practice it is usual to take averages over different
geographic regions. depending on the relative amount of time that the average aircraft spends
in each region. In this cjse the lour parameters are functions only of altitude. The values go en
h% Garrison are reproduced in Table I of this report. F-or a full evaluation of the average frequency
of load on an aircraft, it is, nmeessarv to know the average fraction of time which an aircraft
spends in each altitude band. Denoting the altitude bands by subscripts i - 1. 2......with
corresponding fractions of time 't in each band. so that

Ybr - 1 0 i1.13)

,Ae ha~c. on taking -3 -eighted mean of equation Ii -1.

N( t , P 1 exp A b, P2 exp Ab0

2. THE N, PROBLEM

!The parameters .4 and N%,~ depend on the integrals

AT0 Gf' PA f df (2.1)
Af2 f.f -'fP.4f )df t 2-2)

and these %kill only be convergent if the respective integrands. are of order f - i'with ' -0.
The second of these integral-, does not fulfill this condition in the ease of atmospheric turbulence
gust velocities %shen .v - K- and PjJ). being given by the von Karrnan equation, asymptotes
asf 5'_ Thus a proce-sswith a von Karman spectrum has an infinite value of No. This is because
such a procms has a large number of very small amplitude (ripple) cycles which give rise to
large numbers of level crossings, although they contribute very little to the variance of the signal.

Figure I shows how NO0 for a von Karman process increases without bound as the cut-off
frequency. f, is raised- This example is an extreme case of the No problem, which is how to
deal with a process having many small cy-cles superimposed on a lesser number of large cycles.

In aeronautical applications, interest is directed not at the gust velocity %It) itself, but at
the aircraft response. W~). which is obtained from k(:) by a filtering process which attenuates
the higher frequencies- In what follows, xQt) wiill be taken to be the vertical acceleration of the
aircraft centre of grav'ity. This case is traditionally considered to be the most important because
many stresses are highly correlated with the aircraft acceleration.

To obtain the characteristics of the response requires a knowledge of the transfer function
Of 3n aircraft. In some applications it may be posisible to merasure the transfer function. in others
it is necessary to compute the function from a model of the aircraft behaviour. Such models range
from simple one degree of freedom models to very complex modes allowing for several different
structural osciltation modes as well as all the rigid body degrees of freedom. However, a multi-
plicity of models leads to spurious variations which makes it hard to compare results from
difkremnt flight trials which have been computed in different ways.. Houboft (1970, 1971, 0975).'"'
has written a "Design manual for vertical gusts based on power spectral techniques", in which
hc recommetads the use of a ~i~mnzistcn awthod af evaluating A and No, based on a simple one
degree of freedom model (vertical translation only) flying in a ooe-cimertsional gust field. The
transfer function for such a modiel is the product of two factors, one of which takes account of
aircraft parameters. and asymptotes to a non-meo coostlant at high frequency. and the other is
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the Sears function which takes account of the unsteady aerodynamic response to a gust load on
the wing. The Sears function 9 is given by

S(w) --- {J0(w)-iJ1 (co)} C(Q-) I- iJ1(M) (2.3)
where

H, 2)(oJ)

C(Q) = H , ,,(w)+iHoO2 i(w) (2.4)

H,'(2 )(w) J(t)-i Y,(W) (2.5)

J,, and Y,, are Bessel functions of order n and w is the conventional non-dimensional frequency
based on the wing semi-chord, c/2,

C, = 2-f (c/2)!U (2.6)

The high frequency behaviour of the integrand of equation 2.2 depends on !S(W)1 2 which accord-
ing to the Leipmann approximation" is given by

IS(_)! 2 = 1/(1l +2-) (2.7)
f 2 p(f) therefore behaves as f -? 3, so that for this model No is still theoretically infinite.
Houbolt has proposed that this problem be overcome by choosing the cut-off frequency, fi, to
be the lowest cut-off frequency at which Mo (equation 2.1) has practically attained its ultimate
limit. He proposes to ignore any contributions to M 2 by higher frequencies.

There is, however, a more realistic way of overcoming the problem through noting that high
frequency contributions to the isotropic turbulence gust structure cannot be adequately repre-
sented by a one-dimensional gust structure model. In this context, the term "high frequency"
means that the wavelength of the gust is not large compared with the wing span. For a given,
high wave-number contribution, the gust at one chordwise section will be upward whilst the gust
at a distant chordwise section will be downward, and the resultant cancellation will wash out the
high frequency effects. To formulate a simple quantitative model, consider a sinusoidal gust
which is symmetrical about the longitudinal axis of the aircraft, so that the local lift per unit
span varies as cos ky where y is the transverse co-ordinate. The average lift per unit span is the
lift per unit span at the centre section multiplied by

I •'pn2"o
F() = - span/2 cos ky dy (2.8)

span f1 -span/2
If the wave number, k, corresponds to the frequency,f, seen by the aircraft travelling at speed U,
so that

k = 2fff/U (2.9)
then the expression 2.8 becomes

F(w) = sin(&A•.)/ (wAR) (2.10)

Hence at high frequencies, the integrand of 2.2 behaves as

f 2 P.(f) IS(-)I 2 •. IF(w)I 2 = O(ff-' 3 ) (2.11)
which gives a convergent integral. Figure 2 shows some examples of how the derived values of
A and No converge with increasing cut-off frequency. The ordinates of Figures 2a and 2b are
proportional to A and N, respectively. The convergence of No is almost complete by a cut-off
non-dimensional frequency of w 4/AR. The corresponding cut-off value of af is obtained from

af = 1.339 (2L/c) to (2.12)

The values of A and No for a one degree of freedom model flying in a two dimensional gust
field are functions of both the aspect ratio, ,R, and of 2L/c. Figures 3 and 4 show convenient
charts for obtaining the solution to such a model. These charts are similar to those given by
Houbolt (1970, 1971, 1975) but differ in that the two dimensional structure of the gusts (which
introdtices a dependence on aspect ratio, whilst it allows a realistic evaluation of NO) is taken
into account. Further details of the derivation of Figures 3 and 4 are given by Sherman (1976).''

3. THE AMPLITUDE DISCRIMINANT METHOD OF COUNTING*

When data from flight trials are being analysed the input has. already been subjected to some
form of filtering. However, it is often desired to perform further smoothing on the signal, for

• Section 3 has been amended subsequent to the presentation at the conference.
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example, to eliminate high frequency noise from the signal, or because small amplitude cvcle,;
are not con'idered %,ignificant.

With digital data, one way to do this is to use low pass digital filtering, but for purposes
such as level crossing counting it is more efficient computationally to use an "amplitude dis-
criminant" technique The basic idea of the amplitude discriminant is to ignore any fluctuations
in the time series where the difference in value between a peak and an adjacent trough is less
than a prescribed value called the discriminant. The effect of such amplitude discriminant count-
ing has been examined for a number of processes including actual turbulent measurements, but
we first make two observations concerning the general shape which level crossing curves are
expected to have when an amplitude discriminant is applied.

If the time series considered is Gaussian, then the level crossings (with zero discriminant)
are fitte' by Rice's level crossing equation (1.5). Further, Rice has shown that if the level, X, is
sufficiently far from the mean, the number ofextrema lying beyond x is approximately equal to
the number of upcrossings of the level x, or in other words relatively few wrong-sided extrema lie
far from the mean of a Gaussian process. Therefore the process of smoothing with an amplitude
discriminant will make relatively little difference to the number of level crossings of levels which
are far from the mean, aMthough it will markedly reduce the number of crossings of levels near
the mean.

The effect of applying amplitude discriminant counting to three different processes was
studied. The processes chosen were:

(a) An ARMA model with a --5/3 slope of the power spectrum

x(t) = 0.6x(i- I)-0-06v(I-2) t-0.02x(t-3)(I-')- S 0 15(t-l)-O.O2E(t-2) (3.1)

where the 4(0) are independent normally distributed random numbers with zero mean
and unit variance.

(b) A sample of available atmospheric wind data from a ground based anemometer with a
low noise (digital) measuring and recording system (see Section 2 of the Appendix)

(C) A simulated sequence of aircraft c.g. vertical acceleration measurements obtained by
applying a one degree of freedom model of a rigid aircraft response' 'to the wind data

in (b) above. The aircraft parameters chosen were:

,U -z-20
-R-7

5- 5M
U -100 m;s

For each of these processes Figure 5 shows a segment of the time history and Figure 6 shows a
set of upcrossing curves for counts made with. different amplitude discriminants. Figure 7 shows
how, for two separate records of longitudinal wind velocity, No decreases with increasing
amplitude discriminant. The close agreement between the curves for the two different sets of
data suggests that the relationship is fairly well established. The experimental points in Figure 7

may be fitted by the equation

No A Noo exp (9 (Dlo) + 9 2(D/o)" + g3(D, V:} (3.2)

with the coefficients shown in the following table:

Longitudinal wind speed -0.24 -0.127 *0-00736

c.g. acceleration (or Ut.) -0.11 -0.078 -0.00592

The various curves in Figure 6 appear to be fairly well fitted by the formula

I -a
N -- N e(3.3)

Because of the condition that all the curves must asymptote to

N = N0 o •-' 2  (3.4)

109



at large x the parameter a is determined as
a - (No,/NO)- I (3.5)

so that 3.3 becomes
N/NO. = i/ve' 2 --a (3.6)

and this family of curves is shown in Figure 8. The variation of the parameter a with amplitude
discriminant for the three processes studied is shown in Figure 9, together with the best fit
parabola for each set of data. The equation for the parabola is

a - I = (Noo/No) 2 = exp {f-,(D/c) + A2(%D/a)1 (3.7)
with the coefficients shown in the following table:

(a) ARMA process 0-316 0-224
(b) Longitudinal wind 0"595 0.164
(c) c.g. acceleration 0-127 0-229

Yamane et al (1975)'" have carried out amplitude discriminant counting on two filtered
Gaussian noise processes, one with a low pass filter and one with a band pass filter. Equation
3.6 appears to fit both sets of data although no attempt was made to find the variation of a with
the amplitude discriminant.

The data of Figure 6 have been normalised so as to remove the effect of varying intensity
of turbulence. An estimation is therefore needed of the expected number of exceedance counts
which would be obtained if counts were made in many patches of turbulence of different inten-
sity but with a fixed value of the discriminant. Arguing by analogy with the development of
equation 1.10,

:3No 0 p(crw) daw,S/ /
N o,)/exp J(x _i)2 - a (3.8)

where ND(x) is the frequency of level crossings of level x, with discriminant D, and p(a,.) is given
by equation 1. 12. Thus

N(x) =NooP L D x--' [D x-.3
0 ojtx =\bO1 , L A', 1 TA/ P G\2 A'b 2 Afl 39

where, with the substitution z = as/b

"p, q) exp (_z2/2) dz

J Jexp(+!)2 ±x[#.(P) + 2 ()] 1 (3.10)

The equation 3.10 differs from the usual equation L(O, q) = exp (-q) by the introduction of the
polynomial in p/z. The function L(p, q) is graphed in Figure 10, and it may be seen that as the
discriminant, p, increases, the function becomes increasingly flat topped because the bulk of the
records have small standard deviations, and so have a greater proportion of their level crossings
removed by the application of a fixed discriminant rather than one with a fixed proportion of ui
Because the curves all asymptote to lines parallel to exp (-q), it is convenient to show the
deviations from exp (-q) in the form L(p, q)/L(O, q). These graphs are shown in Figure 11.

4. DISCUSSION
In the conventional "Power Spectrum" method of gust load analysis, the value of No

which is obtained will vary depending on the procedure used in removing small load cycles
from the record. When using the amplitude discriminant method for normalised gust velocities
in low level atmospheric turbulence, the level crossings are given by equations 3.3 and 3.5.
However, when un-normahsed data have a constant discriminant applied, the simple level crossing
formula given by equation 1.11 and carried through into equation 1.14 is not applicable unless
the filtering or amplitude discriminant is similar to that applied to the data from which equation
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1.11 .,as eolved. For the general case equation 1.14 should be replaced by an equation based
on the leal crossing curves eiven by equation 3.9. for which the varation of the level crossing
function with discriminant level is shown in Figure 10.

Logically, the procedure for choosing a discriminant level would depend on the relative
fatigue damage done by load cycles of different amplitude, and this in turn depends on the
particular S-N curve which is used.

One very big problem remains with the power spectral method, and that is the load to pair
with each of the level crossings actially counted. This problem is solved if the complete variation
of the number of level crossings with the size of the amplitude discriminant is known out to
amplitude discriminants equal to the largest load cycle occurring in the record. Until recently,
the only way to solve this problem in fatigue monitoring programs was to record a complete
turning point load history of individual aircraft. This involved a considerable data storing and
processing problem. A much better solution would appear to be the ARL range pair counter
currenfly undergoing prototype testing at these laboratories. In the meantime, and for prediction
work the continued use of the power spectral method of gust load prediction requires that a
standard degree of filtering and amplitude discrimination be established, and that a standard
variation of level crossing counts with amplitude discrinminant be used in damage sums.
Obtaining this standard variation %ill necessitate obtaining (as a research task) the variation of
NO with amplitude discriminant for several records with different degrees of pre-filtering.
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APPENDIX I
Amplitude discriminant counting, fatigue meter counting an range pair exceedances

A practical method of counting level crossings with an amplimude discriminant involves
having both a "counter" and a "previous minimum value" fo: ýhe level crossings of each level
considered. Then there are three phases in the counting program.

Phase I -Search consecutively through the time series until a value is encountered which is
belowv the level for which counts arc being made. Then:

Phase 2- Whi'st the signal is below the level search for tile lo%,est value and store this in
the "previous minimum value". When the time series assumes a value greater than the
level considered, proceed to phase 3.

Phase 3 -Whilst the signal is above the level considered ý"arch to find a value which is
greater than the "previous minimum value" by at kast D, the amplitude discriminart.
If such a value is found, increment the counter by 1, reset the previous minimum value
to be greater than the level considered, and revert to phase I. If, however, the signal
drops below the level before such a count has been registered, revert to phase 2_

For realisation on a simple machine this procedure may be modified, though the modified
procedure will produce somewhat different results. The modified procedure involves having a
"counter" and a "flag" corresponding to each level, xi, at which counts are to be recorded.
When the signal upcro!ses a lower level, xg-- D, the flag is "set". When the signal upcrosses the
level xi the count is recorded and the flag is "fired" or returned to the "not set" state. Nc further
counts will be recorded at that level until the time series falls again below the lower level. This
procedure will be called counting with a "modified discriminant", and is essentially the counting
procedure adopted by the fatigue meter. (In fact the fatigue meter differs from this description
only in that it counts on a later part of the cycle. It sets the flag on upcrossing the level xf, and
increments the countei and fires the flag on downcrossing the level x,--D.) This procedure is
called a "downwards applied" discriminant (cf. the difference between forward differences and
central differences in interpolation theory) because the oscillations which upcross both the lower
level and thc upper level are called upcrossings of the upper level, of the process with a modified
discriminant applied. However, such a nomenclature leads to an asymmetry in the result. Con-
sider, for example, a time series with a uni-modal distribution. For convenience we may assume
the mode is also the mean value. If the level x, is well above the mean then the level x, - D is
closer to the mean, and is therefore crossed more frequently than xE, whereas if xi is below the
mean the converse is the case. Thus for a symmetrically distributed time series and two levels
.ri and x1 which are symmetrically placed about the mei n there will be more upcrossings (with a
downwards applied modified discciminant) of level x, (above the mean) than of x, (below the
mean). It is theref'or- preferable to use a centrally applied discriminant whereby an oscillation
which upcrosses both vt -- D.2 and xg 4- D/2 is termed an upcrossing of the level xi.

If we wish to study the effect of different size (modified) discriminants, we are led on
naturally from the fatigue meter method of counting to the range pair exceedance method of
counting. A discrete set of regularly spaced levels, x 1 , x 2 , x3 , etc., is chosen for counting, such that

x1 - Xj 0 (-j)

For vach level, xi, there is a whole set of flags Fty, and a whole set of counters CEl. Every time
there is an upcrossing of level Y, the complete set of flags Ftj forj = 1, 2, .... i, is "set". Then
when the signal falls back below the level xj the flag FEI is "fired" (i.e. returned to the "not set"
state) and the counter Cij is incremented by I. Thus the set of counters Cu on the leading diagonal
contains the set of level crossings (with zero discriminant) of the levels xE; the sub leading
diagonal, C1 v , contains the level crossings of x, with modified, downwards applied discriminant
8S the next diagonal, C, (-,, contains the level crossings of x, with discriminant 28. and so on.
As with fatigue meter counting it is sometimes convenient to use a centrally applied discriminant
instead of a downwards appl]ed discriminant. (This is particularly so when count~ng the time
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series obtained from a strain gauge •,iI• an unknown mean level, as the convent.,nal pre,,en-
ta¢ion of fatigue meter counts is as exceedanceg of the level mc•re remote from the .heart •)r ! .€
state.) In the sense of centrally applied modified discrimir, anls the coulter C,• is lhc number of
upcrossings of" the level .•(x• - \-;) v, ith a discriminant /• -- .xi .rj (t j)•.

Relation betw,'en coi,,nting with an amplitude discriminan! attcl counting wtth a rnodl]t,.,I amldimde
discrirninant

Consider the process xo(t) which arises after the process x(t) has been smoo:hcd vith an
amplitude discriminant D. The number of upcrossings No(x•) of a level x• is greater than the
number of upcrossings of the process with a modified discriminant applied (see Fig. 12). In the
case of a downwards applied modified discriminant, the number of upcrossings of love! xt is
(see Fig. 12a)

No(x) - {Number of minima of to(t) between xf and x• D}

In the case of a centrally applied modified di•riminant, the number of ulx:rossings of le,,el •-,
is (see Fig. 12b)

5,'o(x• - of xo(t) between -- of xt•(t) between
x•, x= - D/2 x•, x• - D; 2

In the case of a Gaussian process with a large amplitude discriminant, D, applied, the
majority of the oscillations in the trace go between (approximately) - D.'2 and - D.2. Thus
when counting with an amplitude discriminant at any level between these points, the number of
upcrossings i• almost constant. Figure 6 shows this flat-top effect. On the other hand when
counting with a centrally applied modified amplitude discriminant, a nominal upcrossing of the
level x implies actual upcrossings of both x- D/2 and x-D,,2, if x is greater than zero the
number of such pairs of event• is governed by the number of upcrossings of x-: D/2 (and ,,ice
versa if x is less than zero). Even a smaq increase in x above the zero (mean) level causes a
significant decrease in the actual number of upcrossings of the level x- D.'2 and so the graph
at the number of upcrossings has a sha,,•e which is pointed at x - O. This may be seen in
Figure 13 (which is based on the ,,,ame data as Fig. 6b).
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APPENDIX 2

The aninometer data used in the range pair counting example

Figures 6b and 7 are based on anemometer data from nine miniature cup anemometer
and direction vane pairs which were mounted on 10 m masts at Bald Hills, Qu "sland. The
anemometers used digital (light chopper) transducers, and the wind run was recorded each second
on a magnetic tape. (The Bald Hills experiment is described fully by Patterson et al. (1975). 2)
The record numbers C026 and C027 each refer to a two day file of data commencing on the
afternoons of 26 and 28 January 1975 respectively. From these files were extracted records of
longitudinal velocity component with durations of 512 seconds. Each record was divided into
four segments, and records were only accepted for analysis if they met the following conditions
(which were designed to ensure stationarity and the exclusion of non-turbulent or low wind
speed records):

(a) The standard deviation of each segment was greater than 0.45 m/s, and also greater
than 0 1 times the mean value of the segment.

(b) The kurtosis of each segment was less than 6.
(c) The mean value of each segment did not differ from the mean value of the entire record

by more than 2a4,, where ", - (71:/\ 'n, a,? is the standard deviation of the entire record
and the duration of the segment is n -- 128 samples.

(d) The kurtosis of each segment did not differ from the kurtosis of the entire record by
more than 2aL., where 0 ,k = % 24."n is the standard deviation of the kurtosis of a Gaussian
variable with sample size n ý 128 points.

The resultant records accepted were as follows:

C026 C027

No. of records 99 119
Total wind run 272.6 km 3350 km
Mean wind speed 5.4 m/s 5.5 m/s

and the spectrum of the observed longitudinal component of wind velocity is shown in Figure 14.
The various records accepted vsere normalized by subtracting their mean value and dividing
each by its standard deviation. They were then counted with a range pair exceedance program
and an amplitude discriminant counting program, and the results presented in Figures 6 and 7.
The data have a somewhat skewed distribution because of the nature of the dynamic response
of the anemometers. When a velocity change occurs the anemometer response depends on the
run of wind which has travelled past. When the wind speed decreases momentarily from a
moderate value to zero, the cups continue to rotate because of inertia, and this leads to a dis-
proportionately low number of zero (or near-zero) values, and a disproportionately higher
number of somewhat higher values. For higher wind speeds the necessary wind run goes past
much faster, and the response becomes more nearly instantaneous. (The distance constant for
the anemometers used was around I metre.) Thus at high speeds the anemometer record is
essentially unaffected by the response of the anemometer.
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DISCUSSION

QUESTION-Sqn. ldr B Rrt-'e.
R 4 A F (4 ir Eng. 5,. DLfar I

In sour talk you made the statement that a faligue meter does not distingui,h between a
iarge amphiude crossing of a trip 1clel. and a small amplitude crossing o.-Ihc same lesel tienoring
cocking anc! finng for the moment) In practice, howewer. Ahen a number of trip leels are used.
and data resulting from hundreds of flight hours are plotted. the number of crossi:%.e of an%
"notiona!'" trip level can be estimated b) intcrpolation from the number of crossings of the
actual trip lesels. Would %ou agree s.*ith this!

Aulbor's Reply

A wet of faigue meter counters appears to distinguish small cycles from large c- cles in that
two tor more) fatigue meter levels are .rossed by a large cqcle whereas onl:, one Iel is crvssed
b% a .mall c)cle However, the follomine two situavions would not be distinuished hs, a con),cn-
tional set of fatigue meter counters

n n x

[V -U-tf-U

With a common tiring les.el (e g I g) for All counters the% would he Oi~tineuihed, but at the cost
of not counting the potentially damaoing cyc'es at X.

135



DEVELOPMENT OF A LOAD SEQUENCE

FOR A STRUCTURAL FATIGUE TEST

by

P. J. HOWARD

SUMMARY
A method for generating a load sequence for a structural f.tigue test is described,

and is illustrated by reference to the Mirage wing fatigue test.
Flight sequence and load spectra for this test were defined bY fatigue meter data, and

within-flight manoeuvre load sequences were deri ved from recorded time histories.
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SYMlBOIS AND ABBREVIATIONS

Normal load factor, the ratio of the current weight of an aircraft to its -,tatic
weight

1- Aircraft velocity. kts

H Aircraft altitude. ft
0 Aircraft roll rate, deg sec

T Tpe of flying

S Stores carried

F Fuel caried
M•sion A combination of T, S. and I-

Acceleration due to geavity
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1. INTRODUCTION

Given that a realistic load sequence is a desirable goal for a structural thtigue test, how can
this be achieved and how much approximation is inevitable?

These questions are examined by a narrative study of a c,!se history. the Mirage wing fatigue
test, which represents the author's sole foray into the field.

2. THE AIRCRAFT

The Mirage 1110 is a delta wing interceptor (Fig. 1) which has been adapted for ground
attack. Both roles involve rapid and severe manoeuvre loading accompanied by marked changes
in altitude, H, and airspeed, V (Figs 2a and 2b). Indeed, they are the most spectacular and
damaging of the ten or so types of flying (T) into which RAAF Mirage operations can be con-
veniently divided. The life history can be described by a succession of such flight types, of variable
severity, separated by landings.

Every Mirage carries a counting accelerometer (fatigue meter) which stores on electro-
mechanical counters the accumulated number of times that the aircraft acceleration normal to
the wing surface passes any of eight preset levels. Counters cock as the acceleration represented
is exceeded, but fire (register the count) only as the aircraft returns to within ±-0.25 g of the
I g level flight condition. These meters fail to record:

(I) load excursions which do not fire the counters (linking manoeuvres-shown A on
Fig. 2a);

(2) load peaks between-0.5 and 2-5g;
(3) the order of events;
(4) the magnitude of the turning points; atud
(5) the state of all other aircraft parameters.
The last defect is important for Mirage because the load distribution over the wing depends

strooigly on current values of H, V, fuel (F), stores (S), and roll rate (6) as well as the load factor
(N2 ).

The large store of fatigue meter data, about 200,000 flights, is of little help in establishing a
load sequence. It adequately defines the N.exceedance spectra for various missions (combinations
of T, F and S), from counter readings, and mission sequence, from auxiliary records.

Other sources are needed to fill in the reissing data. From a store of continuous time histories
of aircraft parameters and structural s.rain responses, obtained during trials in 1969, RAAF
fleet operators selected a set of flights which were typical of proposed Mirage operations and
could therefore be used for defining load sequences.

This set of flights did not cover all possible missions which the Mirage is capable of perform-
ing: loads for these extra missions had to be estimated. Assistance in computing was provided
by CAC,' who constructed a mathematical model of the load distribution for the aircraft. This
model used current values of N2 , V, H, S, F and 0, and calculated loads distributed at the wing
nodes. Where flights had to be synthesised, using only the measured Nz to define the load
sequence, V and H had to be estimated from the type of flying, S and F from the initial state and
the elapsed time, and 0 from N,.

3. CONSTRAINTS

Besides the constraints imposed by limitations in data sources, additional constraints arose
from the short timescale, limited resources and from a number of decisions.

The decisions of consequence to the creation of the load sequence were:
(I) flight-by flight loading would be applied;
(2) Manoeuvre, gust, air-ground and fuel pressurisation loadings would be represented,

others would not;
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(3) the loading ýyswnm would allow for changes in distribution by using 14 independent
computer controlled servo-hydraulic jacks connected by whiffle-trees to the wing;

(4) the jack loads would be stored as information on a standard 2,400 ft computer tape;
(5) to meet the desired time scale, the average number of loads per flight had to be limited

to 100;
(6) only one control tape would be made. Decisions 3, 4 and 5 set the number of flights on

this tape at 500;
(7) the overall load spectrum would be based on the averaged fatigue meter data for 1971

and 1972 and the flight sequence would conform to 1972 data, these being regarded by
the RAAF as the best indicators of future usage.

4. TRUNCATION

In operations, the only constraint on the flight loads experienced by an aircraft is that the
highest load should leave the structure intact. The limits of 500 flights per tape and 100 loads
per flight fixed the maximum load to be automatically applied to the test at 7-8 g and the lowest
load level at 1.38 g (Fig. 3 . The intervening spectrum was defined by fatigue meter data for
N, >_ 2-5, and by calculated gust data below this load. Because of rig design negative loads
were truncated at -1-10g instead of -!-8g as required for one event in 500 hours. On our
best prediction the truncations corresponded tn Schijve's suggestion 2 that the highest loads should
be that experienced 10 times in the service life, and to the fatigue limit of Heywood's curve
B3, the fatigue data used to predict the life at the root of the wing main spar.

Low loads were removed from the 16 sets of flight data to be used in defining the within-
flight load sequences. This was achieved by extracting turning points in Nz separated by at least
0-72 g, together with concurrent values of V, H, 0, F and strains at three spanwise main spar
stations. This process compacted the data, pruned linking manoeuvres (perhaps over severely
because of the high mean stresses sometimes involved) and eliminated all information on rate-
of-change of N, . Gust and ground loads and sequences were generated synthetically and were
truncated on creation. The methods used for geperating these loads are discussed later.

The highest raturally-occurring manoeuvre load in the sequence-generating flights was
7-2 g, so that the upper truncation load had to be artificially introduced.

5. SEQUENCE OF FLIGHTS

It was assumed that the flight sequence in squadron usage was non-random, and that if
the essence of order could be distilled it would be worth preserving.

The frequencies of different missions flown in 1972 were determined from fatigue meter
data. A mission with a frequency less than I in 1000 (rounding to less than I flight in 500) was
grouped with a similar mission of greater frequency. In case of doubt, the wing root bending
moment, calculated for the initial fuel and stores from the CAC Model, was used as a guide to
mission similarity. Forty-four differen, missions remained and were given coded identification.

The 1972 sequence of flying, when re-labelled, showed strong pairwise ordering, in particular
there was a pronounced tendency for adjacent flights to be identical mnissions. These attributes
were qiantified by producing, for each mission, two event frequency tables. The first showed
the frequency with which the subject mission was followed by a different mission (transition
probability). The second showed the frequency of occurrence of various run-lengths (number of
times the mission was flown before different missions occurred). The ordering observed (runs of
10 identical missions were common and one case of 39 was seen) could be explained by bunching
of training sorties, and a desire to minimise changes to aircraft configuration.

As analysed, the data related to 18,877 flights, and had to be compressed to 500 flights for
the test. This was accomplished by multiplying all values in the frequency tables by 500/18,877.
Fractional values in the transition probability matrix were eliminated by rounding. The run-
length required a slightly more complicated treatment. Flights representing fractional frequencies
of long runs were accumulated until an integral number of shorter runs could be formed.

Thus a frequency of 0-5 for a run of 12 and of 0-55 for a run of 11 (12 flights in all) became
one run of I I with one flight carried to shorter run-lengths. Small adjustments were made to these
data to make the total of flights equal 500, and the total runs in both histograms the same (241).
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The use of these tables is illustrated in Figure 4. The flight sequence for the test was derived by
randomly selecting a mission (B). getting a run-length (2), deleting one from the run-length selected
(2--I ý- I). selecting an allowed following flight from the transition probability table (A),
deleting one from the box selected (4 I 3), and repeating the process until the data were used.
In the illustration the first three flights are B. B. A.

The resultant test sequence necessarily conformed to the statistics built into its construction.
Conceivably longer range order existed in the original data, but it was considered unrealistic
to go beyond adjacent flights.

6. WITHIN-FLIGHlT LOAD SEQUENCE

Manoeuvre Load Spectra

Fatigue meter data were processed to give NV spectra for each of the 44 missions, scaled in
the proportions used on the control tape. As this %%as being done, it was discovered that one type
of flying code (80) had been used for high and low altitude versions of a mission in the approxi-
mate ratio of 3 high to 2 low. These versions had to be considered separately because altitude
conditioned both the pressure distribution and the spectrum shape (high N, is not easily achieved
at high altitude). Eleven new m:ssions were required. the N, spectra for the split missions were
generated by assigning all N, ! 4-5 to low level and splitting the rest in proportion to the
number of flights.

As this step was completed, the original, in retrospect over ambitious, plan to generate load
distributions over the wing by putting current values of A',. V, H, Fand 4 into the CAC model
collapsed. It was considered impossible within the available time to construct a computer model
which would accept the distributed loads at 81 wing nodes, given by the CAC model, and compute
10 jack loads. To enable this to be done by hand, the 55 missions were reduced to 9 groups by
combining missions having approximately similar flight profiles and loading histories. The N,
s;ectra for these 9 groups, Table I. served as target spectra for the control tape.

Manoeuvre Load Sequence

Each of the 500 flights on the control tape was matched to one of the 16 load sequences
obtained from the test flights by classifying the latter to current RAAF practice. A fatigue-meter
like count on the control tape at this stage showed a disagreement between service and achieved
spectra.

It was assumed that the load sequence would be substantially unchanged between different
examples of a mission, but that the levels reached by individual turning points would be variable.
A host of quasi-flights was generated by scaling every turning point on all sequences by the
relation

Ne -- K(N'- 1).J I

where K had values in the range 0-8 to 1-4. This set was further extended by slightly changing a
few turning point values so that they just crossed a counting level or the I g datum. Judicious
and tedious selection from this set of data resulted in the nine target spectra being matched
at the fatigue-meter counting levels, and the overall spectrum being matched at intervals of
0-5g in the range 2-5,g < N, _< 6.5g. Arrangements were made to apply a load of 8-5g
manually every 5000 flights, but this was done irregularly, and for a load case which produced
main spar strains less severe than those occurring with the 7.8g load regularly applied.

Gust Spectrum
The fatigue meter cannot be used as a source of gust loads on Mirage since these are generally

less than 2.5 g. Published data were used to generate a gust velocity spectrum which was trans-
formed to a N, spectrum by a measured transfer function for Mirage, and a load distribution
was calculated based on a measured spar strain/N, for gust. It was assumed that gusts were
experienced mainly in low level roles, that they would occur independently of manoeuvre loads,
that the random order of turning points was constrailned so that troughs were the negatives of
the preceding peaks, that the mean load was I g and that the manoeuvre loads already used were
free of gust loads.

A gust N1 sequence, conforming to the spectrum and suitable for 500 hours, was gtnerated
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by random selection of loads quantised to 0-02g in the range 1-5-3-0g. This was cut into 169
equal segments C3, 1h of which ',as fed into a low level flight len typical flights are shown in
Figure 5.

Landing and PressuriLation Loads

Landing loads, important to the undercarriage and attachments, have only a minor influence
on the stress history of the main spar. A simplified load sequence consisting of a rotation, a land-
ing impact with sprinfback. and a couple of bounces was inserted between each flight. These
loads were applied through an undercarriage. At the same time the fuel tank was depressurised
(on landing) and repressurised (on take-off) to the levels normally used.

The entire sequence of loads was transformed to a corresponding sequence of jack load
instructions by a process beyond the scope of this paper.

7. DISCUSSION

Has ing put in a considerable effort, it would be nice to confidently assert that the ultimate
in realism had been achieved, and that it was all absolutely necessary.

The process desý-ribed can only be applied late in the life of an aircraft, or when a new
design is expected to perform precisely as its predecessor. The load sequence derived can apply
to, at most, one aircraft of the fleet, and probably is identical to noae. It is realistic only in the
sense that if an RAAF pilot conformed exactly to the N,, V and H pattern used, he would not
consider the fliaht to be atypical.

Gust loads accounted for 6000 of the loads, and hence half the test time, and were generated
synthetically from data of dubious relevance to Mirage operation. Substantiation of the reality
of this component of the test is difficult.

The overv.Il spectrum (level crossing exceedances) of manoeuvre loads agrees excellently
wiih !he measured spectrum. However, this forced agreement was based on an assumed firing level
of the fatigue meter of I -0g, whereas subsequent work has shown that it is nearer 1-25g. The
applied spectrum was therefore about 10",, too severe. The assumption, implied by the whole-
sale magnification of turning points values, that the sample of sixteen flights contains a proper
ratio between fatigue meter and linkirig manoeuvres (i.e. that it is correct on a range-pair-mean
counting basis) has yet to be tested.

The wing failed at a stress concentration slightly outboard of the control point used to
determine the test load spectrum. The SN data judged appropriate for the actual failure site
placed greater emphasis on the importance of low loads than did the data used to set up the test,
so that the lower truncation level is suspect. Finally the load sequence used contained no readily
identifiable blocks, and the problem of relating crack size to test duration by post-failure fracture
analysis proved immense. It was eventua!ly solved, but at a great cost in effort and by the
exercise of considerable ingenuity.

So much for pessimistic comments, which surely apply in equal or greater measure to
most similar tests.

More optimistically, the load sequence used represents all of the events seen by Mirage,
and provides sufficient variety to allow recent advances in range-pair counting and sequence
accountable damage techniques to be assessed. Perhaps when these assessments are completed
the effect of sequence changes, e.g. application of high loads early in the life of the aircraft, will
be calculable. All we will need then is a reliable load monitoring device which stores sequence as
well as magnitude for each turning point.

8. CONCLUSION

A flight-by-flight sequence for a Mirage wing tatigue test was generated using.
(1) fatigue meter data to give flight order and manoeuvre load spectra;
(2) estimates of loads arising from atmospheric turbulence; and
(3) flight trial data to provide within-flight load sequences.

When combined with ground loading and pressurisation loads, the load sequences are believed
to represent squadron usage as accurately as the available data permitted.
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TABLE I
Correspondence between desired and achieved spectra for

various missions in wing fatigue test per 500 flights

Mission Source F.M. 1evel
code . .____ _________ ____ _______-- 2-5 -I-5 -0-5 2-5 3"5 4 I 6"0 80

I F.M. - --- 2-8 28186 1444.2 661.6 42.0 0
Tape .- - 2822 1426 659 45 0

2 F.M. 1.1 400.8 168-2 67-0 3-1
Tape - 400 169 67 4 0

3 F.M. 2-1 296-4 95-2 25-5 I-I
Tape -- 297 95 27 1 0

4 F.M. 3-6 484-7 133.1
Tape - 485 133 0

5 F.M. 4-1 520-6 205-9 100-9 9.6
Tape -- 521 206 101 9 0

6 F.M, 3-5 493-1 244-6 122.8 22-9
Tape - 489 249 124 23 0

7 F.M. 2-6 1333-8 588-5 214-7 13-4
Tape - 1330 589 208 12 0

8 F.M. 9.8 421-3 1567 50.7 5.4
Tape 28 420 162 56 6 0

9 F.M. 0,3 124-7 76-1 53.4 6-1
Tape - 126 76 53 6 0

TtlF. M. 0.25 2 -33.9- 68- 3104-2 1295-9 105-8 0"5
Tape - - 28 6890 3105 1295 106 0
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FATIGUE S/N DATA IN RELATION TO

VARIABILITY IN PREDICTED LIFE

by

J. M. FINNEY and J. Y. MANN

SUMMARY
With.n the context of fatigue life prediction using S'N data, an investigation has

been made of the 'ariability which may arise from either fitting a neaon curve to a ZiveI
set of points or from sources affecting the data points them yelves.

Given tho sets of S.'N data points, a number of people, including tome experienced
and some inexperienced in fitting S N curves, were invited each to fit his own cur'es.
From these, mean lives to failure were predicted for several multi-load-level spectra.
For the experienced group the range of values of predicted fif. from the largevt to the
smallest, and averaged over the several spectra, was 3:1 for one set of data pointi and
2-4:! for the other set. The ranges of values for the inexperienced group were significant/"
wider.

Fire mathenmatical methods of curve fitting were applied to one set of data points.
with the resulkant average range in predicted life b&ing 1-4:1. Thiv variabilitY arise-
mainli' from the subjective choice of a functional form for the SeN curve. The added
variabilit v due to other arbitrarili-chosen contrraints such a. weighting. the non-
intersec'ion of curves within a famill, and the choice of a fatigue limit, is also discussed.

Mone" factors associated with the determination of fatigue data influence the
resultant S. N relationship and some of the more significant ones are considered- The
specific data presented for these various factors give variations in S$N life, and hence

in predicted life, ranging from 1-5:1 up to 10:1. Those factors examined include the
loading accuracy of the tevting machine, specimen manufacturing methods end the
number of specimens tested, the definition of fatigue failure, rariability between batches.

The resulting differencts in predicted lives demonstrate the need for considerable care in
selecting and using Sil data for the purpose of life prediction.
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1. INTRODUCTION

The acquisition of experimental information, whether to assess the validity of a hypothesis
or to provide specific data for engineering design purposes, involves the conduct of tests in which

studies are made of the response of samples to changes in a particular variable. Much of the
information is presented in graphical form so that any particular features in the relationship
can be more easily recognised and interpolations made between test points.

Experimer.tation involves uncertainties, and tests on nominally identical samples under
nominally identical testing conditions will almost invariably give a different measured response.
Observations are subject to experimental errors which can arise from a variety of sources which
may be difficult or not economically feasible to adequately control. Although on a laboratory
scale it may be possible-to minimise the effects of errors associated with the testing process by
introducing randomization techniques, a relatively large variability may remain which is
inherent ir. the sample being investigated.

In the context of engineering materials, it must be recognised that standards and specifica-
tions allow relatively wide tolerances in chemical composition and that the strength require-
ments which are specified are usually minimum values. Providing the finished product meets the
requirements of the specification, the manufacturer of the material can employ a variety of
forming conditions and heat treatments in the various stages of manufacture: these may be
dictated by plant capability or specific operational practices. The tolerances and limits imposed
during production may differ significantly from one manufacturer to another in meeting an
identical specification, or may differ between batches from the same manufacturer.

The net result is that quite wide variations in the strength properties of a material can
occur both within a batch' and between batches and it is not unusual for the average ultimate
tensile strength (UTS) of a batch to be 20% greater than the specification minimum value.2 From
a metallurgical viewpoint, such variations reflect differences in both the macro- and micro-structure
of the material, although rarely is any attempt made* to correlate these variations with resulting
mechanical properties. Thus, variability in the behaviour or response of a material to an imposed
loading condition must be accepted in engineering practice as the norm, rather than the
exception.

In the field of fatigue it is common to measure the response of a specimen (in terms of
cycles to failure) to an imposed alternating stress. Fatigue tests at different magnitudes of alter-
nating stress allow a relationship between fatigue stress and cycles to failure (S/N) to be deter-
mined. The total numbers of specimens used to establish this relationship (which includes
replicates at particular stress levels) have ranged from less than 10 to greater than 30. Among
such replicates a scatter in endurance of one order of magnitude at any stress level is not unusual.
It is common to adopt the average or median lives at the various alternating stress levels as the
basis for graphically expressing the S/N relation.

In 1964 Buckland 3 stated that "in practice, however, the lines purporting to depict the
relationship between S and N are frequently drawn by 'eye' and are usually intended to indicate
some average fatigue performance". It is the author's opinion that the majority of published
SiN curves-and most other graphs showing an experimental relationship between two variables
-are still sketched "by eye"' rather than derived mathematically. Statistical methods are, how-
ever, currently available for determining estimates of the distributions of endurance from which
curves representing specific probabilities of failure may be established.

A major objective in much of the research associated with aircraft structural fatigue is to
provide information which will allow a prediction to be made of the life of aircraft structures
under a multi-load-level service history. S/N data are frequently used for this purpose. Such data
should be obtained using both specimens and loading conditions which closely represent the
particular structure or component of interest. The other major requirement for predicting
fatigue life is, of course, therelevant service load spectrum for the item in question and, usually,
this is al!'o obtained experimentally. Two further steps, which are often based on somewhat
arbitrary decisions, are then necessary to transform these data into a prediction of the mean service
life. The first is to transpose the load spectrum into groups of cycles of constant amplitude. The
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second is to define a "cumulative damage" rule which specifies how damaging is each of the
transposed constant load amplitude cycles relative to the S/N curve which, itself, defines the life
to failure for continuous cycling under such load amplitudes.

The aim of this paper is to consider the variations in predicted life which may occur as a
result of differences in the shapes and positions of various estimated "mean" S/N curves. Two
sets of data have been chosen for examination, both sets coming from comprehensive and well
documented fatigue testing programmes, and two sources of variation are examined; that which
comes from fitting a mean curve to a given set of S/N data points, and that which may arise
from sources affecting the data points themselves (for example, the cyclic- frequency used in the
laboratory fatigue tests). To obtain data on the first source a canvass was conducted within the
Structures Division of the Aeronatucial Research Laboratories (ARL) which provided a number
of "best-fit-by-eye" mean S/N curves and also mathematically-defined mean S/N curves.

2. S/N CURVES

The basic fatigue test data supplied ror the canvass were obtained 4uring research investi-
gations at ARL and are fully reported in References I and 4. Figure I shows results, taken from
Reference 4, for axial load fatigue tests on circumferentially notched circular section specimens
(Kt = I 6) of 2L.65 aluminium alloy which were tested at a mean stress of 66 MPa (9.5 ksi)
in two Amsler "Vibrophore" machines at a cyclic frequency of approximately 115 Hz.* The
information shown in Figure 2 was obtained from rotating cantilever tests on circular-section
notched specimens (Kt = 1.45) of D.T.D. 683 aluminium alloy at a cyclic frequency of 200 Hzt
but in this case data previously reported in Reference 1 for the stress level 172 MPa (25 ksi)
(mainly runouts) were omitted. These two particular sets of data were chosen because their mean
S/N curves were likely to be significantly different in shape.

Primary input S/N curves were obtained by providing technical and scientific staff within
the Structures Division of ARL with fatigue data and asking them to construct what, in their
opinion, was the best fit mean S/N curve: the fatigue data were the graphical plots shown in
Figures I and 2 and the numerical data given in Table 1(a).

A survey was made of the results provided by those co-operating (46 persons), including
persons whose interests and experience in fatigue ranged from virtually nothing to "very con-
siderable", so that it was possible to assess whether variations in the range of predicted lives
based on the S/N curves obtained, could be associated with the different fatigue experience.
S/N curves drawn "by eye" were sought because, firstly, such curves are prevalent in published
fatigue data and are generally used for current fatigue life estimations and, secondly, because
many of the staff included in the canvass would not be in a position to produce precise matlhe-
matically defined curves. (Sufficient information (given in Table 1(b)) was, however, available
for the derivation of mathematical curves which describe the -mean S/N behaviour of the data
shown in Figure 1.)

3. LIFE PREDICTIONS FROM S/N CURVES

3.1 Method of Prediction

When using S/N data to predict fatigue lives under a varying-load sequence the requirements
are:

an S/N relation;
"a service load spectrum;
"a method of transposing the load spectrum into cycles of constant amplitude; and
"a cumulative damage rule.

This Section briefly describes the procedures relating to the last three of these requirements
which are relevant in the present context, while the following sections (3.2 and 3.3) present the
various S/N relations provided by the canvass and the predicted lives which resulted from com-
bining them with different spectra.

* The fatigue lives correspond to either complete fracture of the specimen or the develop-
ment of cracks to a size where complete fracture would be expected in an insignificant number of
additional load cycles.

t All specimens completely fractured.
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Accumulation of service loads data over the years has enabled loading spectra to be
expressed in a general form. One such presentation, given by Ostermann,' is shown in Figure 3.
It is clear that spectrum D contains a larger proportion of low loads than do spectra A and B.
Spectrum D may be related to positive gust loading on an aircraft whereas spectra A and B can
typify posit.iV manoeuvre loading. To give wide applicability to the S/N results, life calculations
for each curve have been made using the four spectra shown in Figure 3. Several different spectra
were used because, for a given cumulative damage rule, the proportion of calculable damage
at any stress level depends upon the spectrum shape. Figure 4 shows the damage distribution for
these various spectra when applied to one S/N curve.* (While the abscissa scale in Figure 3 is
important, when predicting actual lives, it is not important when considering the ratios of lives.)

Since the present analysis uses a single S/N curve only, rather than a family of curves corres-
ponding to various mean stresses, the spectrum shapes in Figure 3 have been taken, for con-
venience, as symmetrical about the mean stress level of the S/N data. Also, the stress axis in
Figure 3 has been matched to the range of alternating stresses used to obtain the S/N data. Thus,
the conversion of the load spectrum into constant amplitude cycles is unambiguous and is a
straightforward matter.

The cumulative damage rule used (Step 4) was the usual Miner linear summation of cycle
ratio (E ni/N - I). The subsequent transformation of various S/N curves into predicted lives
used only those levels of stress employed in determining the S/N data points.

3.2 Eye-drawn Curves

Figures 5 and 6 are composites of all the "eye-drawn" curves for the data given in Figures
I and 2 respectively. The scatter of predicted lives using such eye-drawn curves can be seen
readily in the histograms of Figure 7 which are based on the S/N curves of Figure 5 and cover
the four spectra A to D.

The standard deviation of predicted life has been estimated in each case, and by similarity
of the histograms to a normal distribution, about 68% of predicted lives lie within one standard
deviation from the average. Table 2 gives the average predicted life and its standard deviation
for the four spectra and for both sets of S/N data. These statistics are given for the overall group
(46 curves) and for the classifications "experienced" (16 curves) and "inexperienced" (30 curves).t

The point of interest in such results is the scatter and not the particular values of predicted
life. Table 2 gives the scatter both in terms of the ratio highest/lowest predicted life, and in terms
of the coefficient of variation (standard deviation divided by average life). The influence of the
curve-fitter's experience on the dispersion of predicted lives can be seen in Table 2. The various
curves of Figure 5 fitted by those of the experienced group led to a scatter of the predicted life
characterised by a coefficient of variation of (when averaged over the four spectra) 27%, while
fitted curves for the inexperienced group led to a corresponding figure of 38% (see Table 2(a)).
A practically identical result was obtained using the S/N curves shown in Figure 6 (see Table
2(b)). An F-test showed that, when the coefficients of variation were pooled for all spectra, the
experienced group gave less variability in predicted life than did the inexperienced group, at a
significance level of 0.2%. This result did not apply to all individual spectra however. The F-test
for spectrum D combined with the relevant curves from Figure 5, and foi spectrum B combined
with the relevant curves from Figure 6, showed the inexperienced group to have the smaller
scatter in predicted life, but only at significant levels of 10% and 5% respectively.

Despite the smaller overall scatter in predicted lives for the experienced group, it is important
to emphasise that their dispersions were 3 : I for the appropriate curves from Figure 5 and
2-4 : 1 for the appropriate curves from Figure 6.

3.3 Mathematically-defined Curves

It is clear from the results of the previous Section that personal bias influences the S/N
curves (resulting in large variations in predicted life), and it may appear a simple matter to

* The curve used here was that defined by a least squares fit of a second degree polynomial
to the data points shown in Figure !, the points at each stress level being weighted by the
reciprocal of the variance at that level. Since most curves are reasonably similar for the one set of
data points, the damage curves are also similar.

"t The experienced/inexperienced subdivision was made on the basis of answers to a question
asked on "experience" in the canvass.

152



eliminate such ,ias by a mathematical approach. But mathematical aFalvses rely upon assump-
tions (which may involve subjective judgements) and it is the purpose of this Section to explore
several methods of analysis, examine their variability, compare this with the eye-drawn
variability, and discuss the assumption" inherent in such methods.

Five curve fitting methods were applied to the S.!N data for the 2L 65 alloy (Figure 1). They
all rely upon a least-squares best fit and are briefly described as:

(I) A polynomial function with the application of a significance test to determine the least
degree givlng a good fit.

(2) A simple pov, er r-Iation, 4 - A- S16 (A and B constants). This method has as its basis
the knowledge that many fatigue data can be correlated by such a fuiction (e.g., the
well-Ktiown Cofin;Manson relationship. 6.)

(3) The arbitrary fitting of consecutive straight lines (piecewise linear) on an S log N plot,
if judged applicable to the data. This. however, is not a universal method.

(4) A weighted polynomial. It is evident from the base data (Fig. I) that the scatter of test
lives (in terms of log life) varies from one stress level to another It could thus be argued
that a "better' fit will be obtained by weighting the test results at each stress level in
the least squares analysis to favour those with less scatter. less scatter implying greater
confidence in the position of the mean at any stress level. An additional S;N curve was
provided by using a weighting factor of Ivariance of log life, appropriate to the stress
level (a factor used by ot;,ers.'), in the fitting of a polynomial function.*

(5) A method of maximum likelihood with assumptions about the distribution of life at
each stress kvel and the functional form of the curve. To compare the results of this
method with those of the weighted polynomial, a polynomial functional form was used
with the assumption of log life being normally distributed at each stress level. In practice
this method tollows an iterative procedure, with the first estimate of variance being that
of the data points, and subsequent estimates being based on the position of the curve
resulting frorn the previous estimate. In the present case, the method essentially ; an
iteration of the values of the variance used as a weighting factor for the method described
above.

Figurc 8 lists the five equations obtained by these various curve fitting methods and corn-
paies them graphically. It is clear that the weighted polynomial and the rraximua, !;kelihood
method also using a polynomial nase given prntctically identical results. As with the eye-drawn
curves, lives were catculated from the same spectra and stress levels and the re~ults are given in
Table 3. Differences in predicted mean lives are again e-ident with an average coefficient of
variation of 15%.

Although mathematically-derived curves supposedly eliminate personal bias, it is instructive
to see whether or not this is so by comparing their resultant average and scatter in predicted
mean life with the same quantities obtained from the analysis of the experienced eye-drawn
group. Comparing Tables 2(a) and 3 it is clear that the average of the predicted lives of the
mathematical group is neither consistently higher nor lower than the corresponding values for
the experienced eye-drawn group over the range of spectra investigated. The mathematical
group shows marginally less scatter in predicted life (significant at a level of 20% only) compared
with that obtained from the experienced eye-drawn group. This is rather inconclusive bicause of
the small sample taken for the mithematical group.

The foregoing has essentially examined one of the necessary assumptions in deriving a mathe-
matical curve, namely, the assumption of the functional form of the curve. It is apparent that
different curves (and hence different predictions of mean life in the present context) result from
different functional forms. The power function is a rather rigid form, allowing little latitude,
and in fact does not adequately represent all S/N data. Table 3 shows that the lives predicted
using a power function for the S/N relation are somewhat different from those using other
functional forms. The greater flexibility of the polynomial function may be expected to result in
better fits, but this flexibility can lead to its reaection for either of two reasons. Firstly, most
people familiar with fatigue data would accept one inflexion in an S/N curve, or in extreme
cases two, but since polynomials of degree n may have (n-2) inflexions, experienee may limit the
degree of the polynomial to tthree, or four at the most. Secondly, even with low-degree poly-

It is noted that although fitting a polynomial involves no assumption about the distribution
of the data points, the use of lI/variance as a weighting factor implies a normal distribution of
lIc Life.
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nomials, curve fitting plroblems may arise from the common practice of testing groups of
specimens at discrete stress levels. There is little constraint on polynomials between the data
levels and positive slopes may occur, a result which, intuitively, is unacceptable. Thus, one has
the option of using-a rigid form which may not adequately suit all S/N data, or a more flexible
form which may run into difficulties and force the user into further subjective judgements.

A possible solution, for any set of data, is to investigate a number of functional forms, all
of which are considered acceptable (subjective judgement is required here), and to choose
between them on the basis of some objective test, such as selecting that curve which has the least
residual sum of squares.

Apart from the question of functional form, other assumptions may be inherent in deriving
a mathematical expression to fit data points. Some methods require the specification of the
distribution -f lives at any stress level (e.g., the maximum likelihood method), and although
a normal distribution of log life is often chosen, other distributions have been proposed.' Since
scatter in S/N data is rarely independent of stress level, the use of a weighting factor may also
appear necessary when using a least-squares analysis, as mentioned above. But the question of
"what factor" may be open to judgement. Some idea of the effect of weighting on predicted life
may be gained by comparing the polynomial function results shown in Table 3. The predicted
mean life using a weighted curve decreased by an average of 10% when compared with that
predicted using an unweighted curve.

This discussion has considered so far the specification of the S/N curve between the
extremes of the data levels only. Often the impetus for a mathematical formulation lies in the need
to extrapolate the SIN curve, particularly to lower stress levels where calculations may indicate
that a significant proportion of the total damage could occur. Such extrapolations may indicate
an unacceptably short fatigue life at zero stress. To overcome this problem the formulation of
the curve may use not only the test data points, but the added constraint of infinite life at zero
stress or at some arbitrarily-chosen endurance limit. This procedure is just as subjective as eye-
drawn extrapolations.

The assumptions listed above all relate to the specification of a mean SIN curve through a
specific group of test data, e.g. data at constant mean stress. But, in practice, life calculations
often require a family of such curves, identified by some parameter such as mean stress or
R-ratio. If the methods above are applied piecemeal it is possible for individual curves of the
family to intersect. Such a possibility would be intuitively rejected. The only course then is to
consider the data as a whole, under the constraint that curves of the family must not intersect.2 3

In concluding this Section it is emphasised that, irrespective of whether the S/N curves
adopted are eye-drawn or mathematically-based, it is necessary to make subjective decisions in
the treatment of the data. (A similar conclusion has been reached recently10 in the fitting of
curves to characterise fatigue crack growth.) The purpose of this paper is not to indicate which
of candidate SIN curves is the best curve to adopt for a particular set of data, but rather to demon-
strawe the variability in predicted mean life which may result from the choice of different curves.

4. FACTORS INFLUENCING S/N DATA AND THEIR EFFECT ON LIFE PREDICTION

The foregoing discussion has centred around the determination of mean (50%. probability
of failure) best-fit S/N curves for particular sets of fatigue data. Apart from the use of weighting
factors derived from the variance of the life data at different stress levels, no attempt has been
made to assess the variability of the data or to determine S/N curves for lower probabilities of
failure. Such curves would, when based on a statistically defined fatigue life scatter factor, be
more appropriate to use in estimating safe lives. However, when S/N curves are published
without individual or average test points being shown and without any indication of the variability
in endurance, the reader cannot gauge the accuracy or reliability of the information presented.
In fact, most published fatigue data will, at best, only allow an estimate to be made of the central
tendency (average) behaviour and provide a statistically insignificant amount of information
relating to variability. The question of the form of the distribution of fatigue life (whether, for
example, log normal or extreme value) has not been emphasised in this paper as it is considered
to be of only secondary importance in the current context.

When faced with the requirement to estimate the life of a component or structure under a
multi-load-level spectrum, a basic problem is to choose the most appropriate fatigue data for the
detail of interest. Careful consideration must be given to the selection and interpretation of S/N
data for such a purpose, particularly when life estimates are required to a high degree of confidence
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and the accuracy of the estimate could have serious ramifications in relation to safety and
economy.

Very rarely would the analyst find in the literature, adequate data for the exact alloy, joint,
notch geometry and Kt value, and mean stress, obtained on specimens of a size commensurate
with his component and fatigue tested at about the cyclic frequency of his component in service.
He is more likely to be faced with a rather inhomogeneous set of data embracing the results of
fatigue tests carried out over a period of many years, in different laboratories and by a variety
of experimenters, and he would probably overlook such matters as the testing method and type
of testing machine (e.g. constant load, constant displacement) used to obtain the data, and its
accuracy of alignment and load control, the definition of fatigue failure (e.g. a small fatigue crack
or complete fracture) adopted by the experimenter, the procedures used in making the specimens,
the number of specimens tested, and the influence of the fatigue test environment. These are all
variables which can influence the fatigue lives of both individual specimens and groups of
specimens, and hence the basic data from which S/N curves are derived.

Thus, in making the choice of one set of data compared with another for life estimation
purposes, one must recognise the limitations of the data in order to assess its relevance for each
situation. It is not intended to discuss each of the above variables individually as reference has
been made to some elsewhere,' but simply to highlight several of these variables and indicate
the magnitudes of the consequent variations in predicted fatigue lives in some cases and to
emphasise that, in any practical situation, interpretation, extrapolation and subjective judgement
of the data are inevitable at different stages of the life prediction process.

Fatigue testing equipment-accuracy of load calibration, setting and control. Fatigue data
acquisition for aircraft structural design purposes has involved the use of many designs of testing
machine ranging in load capacity from about I kN to over 2 MN, with the forces on the specimen
being produced by mechanical, centrifugal, electro-magnetic, hydraulic or pneumatic actions.
In addition, a variety of dynamic load measurement and control systems have been developed
some of which are inherently more accurate than others. In d fatigue testing programme
systematic and random errors in load measuring systems, variations within control circuits and
differences between operators, can both increase the scatter in fatigue life and introduce un-
detected bias at particular load levels.

Little systematic research has been undertaken to compare the fatigue properties of
"identical" specimens tested in different laboratories, but that which has indicates 1 

2,13 that
significant differences in the fatigue behaviour can occur.

The ISO Recommendation on Axial Load Fatigue Testing" states that "the mean load and
the load range as determined by a suitable method of dynamic calibration should be known to
within 3% of the maximum load of the cycle or 0-5% of the maximum load of the machine,
whichever is the greater". Thus, taking the data in Figure 1 as the datum and using the poly-
nomial unweighted S/N curve, a ±3% difference in load (stress) at an average life of 10" cycles
would correspond to a variation in average life of from approximately 6x 106 cycles to 16x 106

cycles. Such a difference in average life would be quite possible from two identical fatigue
machines whose load calibrations conformed to the ISO Recommendation. Considering this
S/N curve to be displaced by ±3% in stress over the nominal alternating stress range from 103
MPa to 207 MPa, the predicted lives for the four spectra are as follows:

Predicted mean life (cycles) x 10-6
Spectrum . . . ....

-3% S/N curve Datum S/N curve +3% S/N curve

A 0-1911 0-2649 0.3699
B 1.833 2.672 3.891
C 13-94 20.29 30.45
D 28.82 44.31 67.22

Definition of fatigue failure. The fatigue life corresponding to fatigun "failure" can, at the
lower life extreme, represent the existence of a barely detectable crack whereas at the other
extreme it represents complete separation of the component or specimen into two pieces. Between
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these exvrcmneý fmtr.ue --rack growth under c--cic loading occurs. suallb at an increasing rate.
life to crack initiation

Hov, eer. there is no unique ,,alue for the ratio hfe to final failure as the actual ratio depends

on th-e :r.teractino of a nun)r.cr cd cuite :ndpcn-dcnt '.ariabies including the ,evefitv tiv f the stress

concentrator at whith the crack initiated and the seveity of the load histor-. In specimens

sith moderately sesere notches tK, about 3). 550-, of the fatigue life could be consumed bs the
crack propagating from a size detectable b% conventional NDI methods to that completel)

fracturing the component. Again referring to Figure I. if, for example. the basic fatigue d.ta

choser for the life prediction under a multi-load-level spectrum had represented the a%erage
detectable-crack S N curý.e, with li%,es half those of the average SN curve to complete fracture,
the lises predicted under each spectrum souid have been halved also. This emphasises the need
to knous the criterion adopted for the end-point of fatigue tests when selecting data for life
prediction purposes.

Fatigue loading conditions. For structural design purposes it is usuall) necessary to consider
fatigue data covering a range of mean stresses. It has been common to use either plane bending
or axial load (direct stress) !oading conditions to obtain such data. However, these two loading
conditions may indicate significant differences in fatigue performance because of the different
stress gradients in the specimens The following table gives the results of axial load and bending
fatigue tests made on "i.entical"' large butt-w4elded steel specimenss-the average life in
bending is nearly nine times that in axial loading despite the nominal stress range being slightly
greater. Under axial loading most failur.-s originated at internal defects and inclusions; whereas
under bending all failures originated at the surface where the maximum nominai stress occurs.
These results underline the importance of slecting data obtained under load conditions matching
those expected in serice.

Comparnon of Axial Load and Bending Fatigue fests on Welded Steel Specimens

Endurance (cycles) Location of failure

Axial load (0 to 80',, yield strength)
6,9001 Failure in weld originating from internal weld

17,700 defect-
21,400)
70,000 Failed from weld.

i14,000 Originated from junction of weld and parent
Log. average life = 29,000 metal.
Standard deviation of log. life 0-488

Bending (0 to 1001, axial yield stress)
166,500 '

223,600 All failures originated at junction of weld and
269,400 parent metal.
275,900
415,800]

Log. average life ý 258,000

Standard deviation of log. life 0-145

Specimen manufacturing methods. Machining operations, in addition to producing a surface
finish whose roughness can be quantified by measurement, change the sub-surface structure of
the material and the internal stress distribution. The number of variables and accpted techniques

associated with machining and finishing are such that some variability in fatigue performance
might be expected from specimens manufactured in different batches and from specimens made
at different organisations.

Variability in the fatigue performance of aluminium alloys associated with differences in
the drilling and reaming of stress concentrator holes has been discussed by Forsyth;"' while
some programme load fatigue tests on drilled and reamed notched specimens of D6AC steel
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carried out at ARL have indicated a 30% to 50% difference in the mean life of specimens notched
(using nominally identical procedures) by two different manufacturers.

Further evidence of the variability in fatigue performance associated with notching pro-
cedures is illustrated in Figure 9 which shows the S/N curves for two groups of circular-section
circumferentially-notched specimens of DTD 683 aluminium alloy tested in rotating bending.
At the lower alternating stress levels there are significant differences in mean lives (up to 5 : l)
for specimens notched using tool dwells at the notch root of zero and 200 revolutions.

Differences might also be expected between the fatigue performance of various batches of
machined components, joints and structures because of uncontrolled differences in manufacturing
and assembly techniques.

Frequency of cycling. A wide range of cyclic frequencies has been used to determine fatigue
data. Although cyclic frequencies of about 1 Hz are quite common for the fatigue testing of fuU-
scale aircraft structures and large components, most of the fatigue testing programmes to
determine the fatigue behaviour of aircraft materials, joints and components have involved
frequencies exceeding 10 Hz, and more particularly, between about 25 Hz and 150 Hz. In
general, these frequencies greatly exceed those applicable to aircraft structures which, according
to Schijve, "' are 20--0-5 Hz for taxi loadings, 10-0-l Hz for gust loadings, and 0-17-0.005 Hz
for manoeuvre loadings.

Evidence has been presented 18.1 9 that both the fatigue life and fatigue fracture characteris-
tics are frequency dependent and that the fatigue endurance increases with increasing frequency.
Figure 10 illustrates two S/N curves for 2024 aluminium alloy,2" obtained in rotating bending
at cyclic frequencies of 3 and 24 Hz, which clearly indicate about a 2 : I difference in average
life under these particular test conditions. Such a variation may be reflected in the prediction
of fatigue life under a multi-load sequence.

Number of specimens tested. All fatigue testing programmes involve the selection of a small
sample of specimens which are assumed to represent the population. A consequence, from the
fatigue viewpoint, is that the estimated average S/N curve (and hence predicted life) could
depend upon the number of specimens used to derive it. If, for example, the fatigue data in Figure
I had been limited to the first two or the first four specimens, in order of testing, at each stress
level, giving a total of 12 or 24 specimens tested compared with an actual total of 46, the predicted
lives based on unweighted polynomial curve fits would have been as follows:

Number of Predicted mean life (cycles) x 10-6
specimens ........

spectrum A spectrum B spectrum C spectrum D

12 0.1743 1.846 16-24 41•11
24 0"1723 1"739 14.39 34.73
46 0-2649 2.672 20.29 44.31

In this example, the predicted mean life for any one spectrum using the S/N curve based on 12
specimens is reduced substantially from that based on 46 specimens; the average reduction over
the four spectra is about 25%.

Batch-to-Batch variations. The structural materials from which aircraft are built are avail-
able in a variety of product forms-sheet, plate, extrusions, forgings. These cover a wide range of
physical sizes and shapes and heat treatments. Such products are available from a number of
manufacturers and represent, in total, many casts of material. Acceptance of a batch of material
for building into an aircraft structure is based, essentially, on its conformity with static strength
properties, and rarely does it need to specifically meet a "fatigue performance" criterion.

Differences in static strength properties from batch-to-batch may also be reflected as dif-
ferences in fatigue strength and fatigue crack propagation characteristics. Because of the large
number of variables which affect fatigue life, rarely is it possible to isolate batch effects, as such,
when comparing published fatigue data. The S/N curves illustrated in Figure 11, however,
represent part of the results from a current ARL fatigue testing programme involving 13 different
batches of extruded round aluminium alloy bar in diameters ranging from 16 mm to 25 mm
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which were fatigue tested in rotating bending under identical conditions. They clearl) show the
effect on fatigue life to be quite sizeable.

Generalised data. This paper has been concerned primarily %ith the assc--mt:Int and riterpre-
tanion of particular sets of nommally identical fatigue data and has not considered the wider
question of the use of generalised fatigue data obtained by combining information fron, dif-
ferent sources employing a variety of test articlcs and testing techniques. However, the rectrit
generalisation of fatigue data for full-scale aircraft structures reported by Hangartner 2 

1 provides
ýcme interesting information Unlike less comprehensive generalisations of similar data of 10
to 15 years previously he has shown the need to separate aircraft structures of aluminium alloys
into two groups on the basis of their structural matcrials--AI-Zn-Mg alloys or Al Cu-Mg
alloys-because the average lives of structures using the zinc-bearing alloys appeared to be
3-5 te 4 times icss than those using the copper-bearing alloys.

5. DISCUSSION

It is clear that, For the same set of SIN data points, differences can occur in the estimated
mean curve, whether fitted by eye or mathematically, to the extent that predictions of mean service

life can vary by a factor of two or three. Furthermore, even larger variations in predicted life
can occur by se!ecting alternative fatigue test data, all of which might appear to be quite applicable
to the case in hand.

Two important consequences follow. First, when calculating a safe operating life from the
predicted mean life by the use of a fatigue scatter factor, it is unwarranted to specify such a
factor too precisely. -for example, it may not be justified to specify the factor tc better than a
whole number. Second, within the current techniques of data acquisition and manipulation,
predicted mean lives (and hence estimated safe lives) can be specified legitimately only as a
range-and this range can be quite wide An illustration of this range for aircraft structural
elements is provided by Ford.22

Thus there is little justification for any one life calculation based on a particular set of S/N
data to he accepted as precisely specifying the predicted mean life. The confidence which one
should place on such S.N data depends upon its applicability to the case under consideration,

and also upon the confidence with which a mean curve can be fitted to the SN points. The
evidence in this paper suggests that, in some cases, service lives may not be predictable to b-tter
than a range of about 10 : L*

When multiple sets of fatigue data are available for the life calculation they should be weighted
according to their relevance to the particular problem under consideration; and in order to assess
the applicability of specific data it may be necessary to closely examine the original fatigue test
conditions which were employed in their determination. Thus, considerable care must be exer-
cised in the selection and manipulation of basic S/N data for life prediction under a complex

loading sequence.

6. CONCLUSIONS

(I) The location of mean S!N curves fitted by eye to a given set of data points depends
markedly on subjective judgement. Even among those experienced in drawing such
curves the variability can be such that, when using the curves for life prediction under
a multi-load-level sequence, the magnitude of predicted mean life may vary by a factor
of three.

(2) Mathematical methods of curve fitting may eliminate some of the personal bias but are

themselves open to subjective judgement. Arbitrary decisions about the functional

form, the use of weighting, the non-intersection of curves within a family, and the
likelihood :f a fatigue limit, can contribute to variability in predicted mean life.

(3) In addition. the determination of fatigue data provides many other sources of un-
certainty whose relevance must be considered in the selection of such data for life

In addition to those prnblems as-sociatmd with data selection and interp-rtatien are those

concerned with the subdivision of the load spectrum into cycles of constant amplitude and those
concerned with the validity of any cumulative damage hypothesis which might be adopted.
The uncertainties involved in these areas further compound the problem of accurately estimating
a precise service life.
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prediction purposes. These include the type of specimen, its method of manufacture

and the number tested, differences in fatigue behaviour between batches of material,
the loading accuracy of the testing equipment and the cyclic frequency of fatigue load-
ing. It has been shown that differences associated with these factors can produce signifi-
cant variations in S/N lives, and that predicted lives under a multi-load-level sequence
can differ by up to 10 : I.
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TABLE 1
Camvu• Nmeerical Data Pnwided for Fittimg Me S/N Cuvwes

(a) Data for eye-drawn curves

Median life Log average life
Stress (Sa) -. . ...... Variance

(K.S.I.) Cycles Log cycles Cycles Log cycles (of log life)
(N) (log N) (N) (log N)

2L.,6 aluminium alloy
30 18,000 4-2553 20,900 4-3209 0-015
25 50,000 4-6990 67,900 4-8317 0-124
22-5 127,000 5-1038 151,600 5. 1808 0-092
20 1.738,000 6- 2401 1,071,000 6-0298 0-569
17-5 12.560,000 7.0990 6,215,600 6-7935 0-375
15 56,051,000 7-7486 46,166,200 7-6643 0-043

DTD 683 alwrnrnwm alloy
40 68,000 4-8325 65,900 4-8189 0-015
37-5 660,000 5"8195 412,000 5-6149 0-151
35 841,000 5-9248 849,000 5-9289 0-00,4
32-5 953,000 5-9791 1,024,900 6-0107 0-013
30 2,400,000 6-3802 2,956,600 6-4708 0-095
27-5 11,754,000 7-0702 10,235,600 7-0101 0-282
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TABLE I--cointmd

(b) Data for mathematically-defined curves

Alternating Cycles Log cycles
stress (Sa) to failure to failure Averages, variance

(ksi) (N) (log N)

2L.65 aluminium alloy
30 16,000 4-2041 Median life (log cycles) = 4-2553

17,000 4-2304 Log average life = 4-3209
18,000 4-2553 Variance (of log life) - 0'0149
18,000 4-2553
22,000 4-3424
26,000 4-4150
35,000 4-5441

25 45,000 4 6532 Median life (log cycles) = 4-6990
46,000 4-6628 Log average life = 4-8317
46,000 4-6628 Variance (of log life) = 0- 1243
50,000 4-6990
52,000 4-7160
64,000 4-8062

419,000 5-6222

22-5 88,000 4-9445 Median life (log cycles) = 5- 1038
96,000 4-9823 Log average life = 5-1808

105,000 5-0212 Variance (of log life) = 0-0921
127.000 5-1038
152,000 5"1818
158,000 5-1987
681,000 5-8331

20 44,000 4-6435 Median life (log cycles) = 6-2401
296.000 5-4713 Log average life = 6-0298
298,000 5-4742 Variance (of log life) = 0- 5693
481,000 5-6821

1,738,000 6-2401
2,75,000 6-4406
5,066,000 6- 7047
5,135,000 6-7105
7,966,000 6-9012

17-5 411,000 5-6138 Median life (log cycles) 7-0990
1,073,000 6-0306 Log average life = 6-7935
2,952,000 6-4701 Vaiance (of log life)= 0-3746

10,077,000 7-0033
12,560,000 7-0990
14,071,000 7-1493
16,003,000 7-2042
18,221,000 7-.'606
20,493,000 7-3114
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TABLE I-rofdi

Alterating Cycles Logcycles
strs (Sa) to failure to failure Aeerags, variance

(ksi) (N) (108 N)

15 21,524,000 7-.329 Median life (log cycles) = 7-7486
27,359,000 7.4371 Log average life = 7-6643
45,731,000 7-6602 Variance (of log lifk) = 00425
56,051,000 7- 7486
59,614,000 7-7753
61,823.000 7-7912
80,344,000 7-9050

(i) Tensile properties obtained from standard tension specimnens (unnotched):
0-1% proof stress ý 69-4 KSI
0-2% proof stre-- 70-3 KSI
Ultimate Tensile Strength = 76.0 KSI

(ii) Ultimate Tensile Strength of notched specimens (Ks- =.6)--identical to
specimens used in obtaining daft tabulated above. equals 95-3 KSI.

(iii) All data points have been included: there were no runout&
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DISCUM -ION

QUESTION-H. A Wills (retired)
What prospects arc there for arriving intc"nationally at agreed standards if specimen

preparation and fatigue testing nrocedures- and for the analysis and presentation of the data?

Author's Reply
In view of the sensitivity of fatigue life to sometimes slight variations in material processing,

test conditions and environment, the question of international standards on fatigue testing is
quite a fundamental issue in fatigue. Some national and international standards in this field
have been produced The latest edition of the German DIN 50100 *as publishex! in 1953; five
parts of the British St.:ndard BS.3518 have been issued commencing in 1962; and various parts
of the International Standards Organisation Standards and Recommendations have teen
available since 1964.

Or the whole, these standards are more concerred with definitions, nomenclature and quite
general procedures for fatigue testing, and leave considerable scope for individual fatigue testing
programmes to be carried out under quite different environments, cyclic frequencies, etc- It is
the responsibility of the individual who specifies or plans a particular investigation to select the
testing condition,, etc.. which are most appropriate to the end application of the test data.

In the past, fatigue test data hzve often been obtained simply by using any convenient
test conditions in any available test machine. There is now, however, an increasing awareness
of the effects of testing and environa-,cntal variableb on fatigue life and of the need, in th-e
laboratory fatigue test, to more closely represent service conditions if accurate indication3 of
behaviour are to be obtained. One such example in the ai.-craft field, is the development of the
standardised fighter load spectrum/sequence- FALSTAFF-which will enable fatigue data
obtained in different laboratories to be directly interchangeable.

International standards on analysis and presentation of fatigue data have not yet been
agreed and it should be clear from the paper why this is so. There is simply a lack of awareness
of how sensitive are, say fatigue life estimates, to the intcrpretation of the basic test data.
Although we have shown that fatigue data analysis requires judgements which can be rather
subjective, it is hoped that papers such as the present one will focus attention on tfiis area and
ultimately lead to standardised procedures.

QULTON---v. L. H. Mitchell

(ARL)
Is there any justi ication for any of the types of mathematical curve fitting of SiN curves-

other than convenience? If not, why not use straight lines between the mean life at each load
level tested? Because of the large standard deviation at each level more sophisticated approaches
are probably not justified. It would be interesting to see the predicted lives with this approach
for your comparative spectra. Also it would be interesting to see the standard deviations of
these prdicted lives if the standard deviation were assumed to vary linearly between each load
level.

Authar's Reply
In genteral, there is no particular reason for choosing any specific functional f3rm. But if

SiN curves are drawn in order to use interpolated vaues, there may be good reasons fur rejecting
sonm forms. For example, a nigh-degree polynomial may give an emcellent fit through the mean
points, but between the data ltees the curve may deviate wildly from the general trend of the data
and therefore the form would be rt•.ected.

A similar argument, abou, interpolations, applies to the fitting of straight lines between
average lives at adjacent stresb levels. Interpolation. are likely to be dotr to reality b~y using
curves shaped according to the general trend of the data rather than by using straight liaci. Also,
the use of a curne brings to bear the information from the data points at all Imbds in determininS
the I.ean position, as defined by the curve, at any one level; and further, a curve accords with
the supposed physical relationship. Consecutive straight lines are weak on both of these points,
al-hough we do recognise some argument in their favour.
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The use of a weighting fa-to- is simply a -ecogtiain of the ,arialion in scatter bevwen
stress levels There is a tendency for scattc. to increase .ith decrcasing applied stress and a
linear relation may be a rtasonable approximation W,: ucd the actual scatter at each srres level
as a weighting factor, and for the data examined, the predicted mean life was reduced by an
average of 100. over thdt using the da:a unwrighted.

QUIE,-1ON -Dr. N. E. Ryan
(A RL)

You have presented a somewhat depressing picture of the very wide scatter in "atigue life
that can arise even %here simple *est specimens and uncomplicated test methods ae used. It is
nevertheless obvious that these test procedures of themselves, coieribute to the wide sca~ter.
Can youi indeed identify those factors which inariably lead to wide scatter?

Author's Reply
The scatter of fatigue lives at any stress leel is simply a response of the material micro-

structure to the imposed test conditions. If these conditions arc not adequately controlled from
one test to the next, even larger scatter will ensue. For example, if the surface firish of the speci-
nrens was not controlled, or the test frequency %%as allowed to vary, or perhapý wide differehices
in the test atmosphere occurred, we may e- ect an increased scatter.

Our paper took the approach of exan:nino the variation in mean life, fo. a limited number
of cases, where only one test parameter was varied--such as load control, teat frequency, material
ba'ch. The question of scatter about these mean lives was mentioned but not examined. The
paper emphasises the need to choose S!N data, for any application, which have been obtained
under conditions as close as possible to the case in nand, and it concludes that, in some cases,
mean service lives may not be predictable to better than a range of about 10 I. The factor on
mean predicted life ,o allow for scatter was not cons.dered.
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STRUCTURAL FATIGUE TESTING

by

R. A. BRUTON and C. A. PATCHING

SUMMA R Y
Fatigue testing of large assemblies and full-scale aircraft structures was for many

yeirs done only as part of research investigations into the fatigue behaviour of materials
and methods of construction.

Difficulties in predicting fatigue behaviour of a structure from data obtained by
testing materials and components, coupled with the economic need to extend the service
life, have resulted in a steady increase in the number offull-scale tests.

Many aircraft designers do fatigue tests on components and assemblies for design
and development, and then carry out a comprehensive fatigue test on a complete structure
to demonstrate compliance with Airworthiness Requirements.

This paper discusses the various testing techniques available, selection of the test
article, data obtainable from fatigue testing of components, assemblies and complete
structures and the conclusions that have been reached based on experience from a large
number of fatigue tests on aircraft wings at the Aeronautical Research Laboratories.
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I. INTRODUCTION

Possibly the first full-scale aircraft structural fatigue testing was done in Germany by Gassner'
on wings, followed after World War 2 by various research programmes to determine fatigue charac-
teristics of aircraft structures, mainly at the Aeronautics Division of the Council for Scientific
and Industrial Research, Melbourne, and to a lesser extent in English and American research
laboratories.

Although lives calculated from these investigations showed a marked difference from lives
obtained from tests on materials, components and assembles, full-scale :esting was not univer-
sally accepted. mainly for cost reasons, until fatigue problems continued to occur unexpectedly in
service involving aircraft from a number of countries.

Full-scale structural fatigue tests are now done either early in the service life to justify the
airworthiness criteria, or towards the end of the predicted service life in order to obtain the
maximum economic utilization of the airframe.

Laboratory representation of service conditions for both airworthiness and research investi-
gations has resulted in the use of complex and expensive load control equipment: i.e. computer
controlled and monitored servo electro-hydraulic loading systems.

2. TESTING TECHNIQUES

For many years two separate techniques were employed for loading structures, namely,
hydraulic lacks (actuators) activated by a common oil pressure, or forced vibration near reson-

ance of the structure; this latter technique was used for long endurance tests. There has been a

continuing development of the hydraulic method culminating in electro-hydraulic servo operated
actuators controlled and monitored by a computer, which has become the universal technique
for fatigue testing of all structures.

2.1 Vibration Testing Method

This technique is particularly useful when large numbers of cycles at relatively low percent-

ages of ultimate load are to be applied: it can be easily applied to the repeated loading of struc-

tures, especially wings and tailplanes. These structures can be subjected to a forced vibration in

the fundamental symmetric mode at a frequency just below resonance.
In a wing test, the specimen must be suspended in an inverted attitude to take advantage

of the structure weight, and to facilitate the application of mean loads. Mean load application
can be achieved by suspending masses on low rate springs (see Fig. I). This method apart from
being cumbersome has a number of disadvantages. The major one is that the relatively heavy

attachment fittings cause an unfavourable mass distribution near the tip, necessitating extra

mass inboard, thus reducing the natural frequency and hence speed of testing.
Most of the problems can be overcome by using hydraulic jacks loading the structure

through stiff springs: the jacks hold the fixed end of the springs essentially stationary.

The desired alternating load distribution can be obtained by modifying the mass distribu-

tion of the structure with the attachment of an appropriate array of added masses and springs,

together with the provision of a finite wing suspension stiffness.
Various methods of excitation are possible, including:

(a) mechanical (out of balance) dynamic oscillator:
(b) crank and slider dri.'ing through a slipping clutch: and
(c) crank and slider driving through a spring.

rhe magnitude of the driving force is adjusted by controlling the frequency of excitation

ju.it below the resonant frequency of the structure to achieve the desired alternating load. Load

control can be maintained by monitoring the amplitude of vibration, e.g. wing tip deflection,
and the deflection indicator can form part of the frequency control loop.
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Details of the design and application of this technique for the fatigue testing of aircraft
wings can be obtained from References 2 and 3. A general view of a Dove aircraft wing under
test is shown in Figure 2.

2.2 Hydraulic Loading Method

Until the advent of the closed loop servo electro-hydraulic loading systems, all previous
hydraulic systems were open loop or "bang-bang". In other words the pressure increased at a
rate depending on the output of the hydraulic power supply, until the desired load was reached
when a solenoid or mechanically operated valve opened the supply line back to the reservoir.
By careful design of the relief valve porting it was possible to produce a load cycle approximately
triangular in shape.

Various load sensing and pressure control systems were successfully developed, 2'- and by
incorporating an electricresistance strain gauge cell which monitored the load on a large cathode
ray tube, extremely accurate load control was achieved.' An hydraulic loading rig used for testing
some 200 Mustang wings is shown in Figure 3.

The loading system utilized low friction hydraulic jacks of various areas connected to a
common oil supply.

Fortunately for those concerned with structural testing, the era of guided missiles produced
highly sensitive electro hydraulic servo valves which formed the major component of a load
control loop having the capability of precisely controlling the load applied by a hydraulic jack.
Furthermore, the control loop comprising either one jack or a combination of jacks can be
commanded by a signal which can, for example, be obtained from a continuously recorded load
parameter taken during actual flight. Since each jack can be individually controlled either
independently or synchronised with a number of other jacks, it is possible to reproduce the
variety of service load conditions in the testing laboratory.

The Aeronautical Research Laboratories (ARL) have equipped their structures fatigue
testing laboratory with a system controlled by a small digital computer which will carry out the
following functions:

(I) Provide independent control of a number of loading actuators (jacks).
(2) Store the load data for individual actuators for all turning points (peaks or troughs) in

a load sequence.
(3) Apply the loads in the required sequence, changing the actuator loads smoothly.
(4) Synchronise actuator load changes to give a smooth change in total applied load.
(5) Measure the applied loads and strains at selected locations in the structure, and keep a

permanent record of a number of these loads.
(6) Protect the test specimen from accidental damage.

The last function requires careful attention, since to maintain control of a closed loop
electro-hydraulic servo system the hydraulic power supply, i,e. pressure and flow, mus.t match
the maximum demand. Hence there is an excess of power available and the specime.l can be
easily broken.

A typical set of protection circuits for a wing test is contained in Table I. All of the
circuits are connected to a central latch unit which provides independent display and storage
of the condition of each circuit. The tripping of any circuit connected to the central latch causes
hydraulic locking of all actuators; and special controls together with an auxiliary power system,
are provided to permit removal of locked-in loads.

Further details of the ARL control system including the electronics are contained in
References 6 and 7 and a view of a Mirage wing in the testing rig is shown in Figure 4.

The capability of locking the actuators means that damage to the test specimen is minimiscd
at final failure, since it is virtually held in the deflected state, providing there aw :'% number of
actuators applying load to the structure. The fatigue fracture faces are held apart allowing the
insertion of suitable material to preserve the markings for subsequent fractographic analysis.

3. LOADING CONDITIONS

In the early days of structural fatigue research for aircraft design and development pro-
grammes, constant amplitude loading was used. As test data accrued, it became obvious that the
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mode of failure and fatigue strength of a riveted structure were dependent on both the maximum

load and the load range of the applied load cycle. This led to the development of the programmed

load sequence which can be used to represent a spectrum of service loads as proposed by

Langford8 for civil aircraft wings.
ARL investigations had shown that a well designed six load level programme, i.e. three

load ranges, could produce the various modes of failure and fatigue lives predicted from a
series of constant amplitude tests.

However, doubts about load sequence effects on the accumulation of fatigue damage led
to tests where a small number of pre-selected load levels (representative of the loads experienced

in flight) were applied in random order. This sequence had a finite number of load selections far

in excess of that necessary to cause failure of the test specimen so no load sequence was repeated.

A variation of this type of load sequence is to randomise the order of blocks of constant ampli-
tude load cycles rather than individual load cycles. 9

The introduction of the computer using a magnetic control tape has made possible the
reproduction of actual flight-by-flight sequencing of loads. These load sequences are constructed

from short periods of recorded flight data edited to remove small fluctuations. A typical control
tape for a fighter type aircraft can be representative of various loading actions and service con-

ditions as follows:

(a) Manoeuvre loads applied in a sequence obtained from continuous recording during
actual squadron service.

(b) Gust loads applied in a random order but in selected flights. The number of gusts of a
given magnitude for each flight hour is derived from measurements made during exten-
sive flying in a wide variety of aircraft over a considerable range of geographic and
environmental conditions.

(c) Landing gear loads (including wheel spin-up) applied between each flight sequence,

representing significant load fluctuations recorded during take-off and landing trials.

(d) Pressurisation (by air) of the fuel tanks to normal working pressure during each flight.

(e) Variations in chordwise and spanwise loading resulting from movements in centre of

pressure and variations in drag of external stores.

4. AIRWORTHINESS FATIGUE TESTING

Most aircraft designed in the past 20 years have been subjected to a full-scale fatigue test

to establish a safe service life under a sequence of loads representing either projected or measured

load history. There are two concepts currently accepted by airworthiness authorities throughout

the world, these are "safe life" for non-redundant structures and "fail-safe" for redundant

structures.

4.1 General Comments

Some airworthiness authorities rely upon the "safe life" concept when issuing a certificate

of airworthiness where the safe life is based on a theoretical calculation entirely or a calculation

supported by a full-scale fatigue test. This approach has proved to be wasteful, particularly with

military aircraft, because each aeroplane experiences differing degrees of service loads and

conditions, and hence has its own fatigue endurance.
The alternative approach is the "fail-safe" concept in which an aircraft is considered still

safe to operate even though a crack may be present in the primary structure. Essential require-

ments of this concept are firstly that the structure has been designed to be redundant in the

critical load carrying areas, and hence is well able to redistribute load; and secondly that a reason-

able and economic inspection routine exists that can guarantee discovery of any crack before it

has reached its critical length.
A recent development, not yet generally accepted by airworthiness authorities has been the

"safety-by-inspection" procedure which permits continued operation of an aircraft with a crack

in parts of critical structure that are non-redundant. This concept relies on Non-Destructive

Inspection (NDI) techniques combined with established and proven data of crack growth rates,
together with information on residual strength of the cracked structure. All this data is necessary
to ensure that the strength, i.e. load carrying ability, of the structure will remain safe until the
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next scheduled inspection. ARL have conducted airworthiness fatigue tests covering various
approaches on the following aircraft: Dove,3' Cessna," 0 Vampire"' and Mirage.12

4.2 Fatigue Test Article

Selection of the fatigue test specimen is of prime importance; firstly it must belong to the
same "family" as the aircraft in service, i.e. built on the general assembly line and all modifica-
tions incorporated. For economic reasons there is a strong desire to limit the specimen, e.g. by
not installing control surfaces on wings and truncating the, fuselage. Experience has shown that
it is prudent to feed loads into the structure in the same manner as they would be in service, and
to fit all items of secondary structure which could induce fretting corrosion or local stress
concentrations.

Virtually all fatigue cracks leading to collapse of a structure originate through a detail
feature, and by the presence of secondary bending stresses produced by local offsets or sharp
changes in cross section.

In cases where the airworthiness fatigue test is done after the aircraft has been in service
it is advisable to withdraw the oldest airframe from service and use it as the fatigue test specimen..
This enables some of the effects of service environment to be taken into account, including major
factors influencing crack initiation such as corrosion and fretting (produced by small loads
which might not be applied in the test).

4.3 Pre-test Load Measurement

One of the major reasons for doing an airworthiness fatigue test is to reduce the number of
uncertainties involved in the process of fatigue life estimation. The actual load distribution for
particular loading cases may be ascertained by making flight strain measurements, preferably
on the structure that will be used for the actual fatigue test. Such measurements are significant
especially in the case of strutted wings where the influence of engine nacelles and fuselage on
wing spanwise lift distribution is difficult to establish by other means.

4.4 Simulation of Service Load Spectrum

Prior to the introduction of load control by a computer using magnetic tape, it was necessary
to represent the continuous service load spectrum by a series of discrete load levels. Although,
as mentioned in Section 3, the number can be as small as six, f.r a bywiimetric spectrum (i.e.
three load ranges), results have indicated that 12 load levels are preferable to adequately re-
produce an asymmetric spectrum including a ground to air cycle as reported by Mann.9

There are numerous factors to be considered when determining truncation at both the high
and low ends of the spectrum. At the high load end the infrequent positive loads should be
included because they will cause static failure when the fatigue crack has reached the critical
length for the applied load; however, in the case of work hardening materials they give a
strengthening effect in areas of stress concentration. Schivje' 1 in 1963 suggested that the maximum
load imposed in a laboratory test on an aluminium alloy structure should be that load equalled
or exceeded 10 times in the anticipated service fatigue life. Unless service load measurements
indicate otherwise this load' should not be closely followed by a large negative (compressive)
load, otherwise the beneficial effect of the positive load is lost. In the case of airworthiness
fatigue evaluation tests the various airworthiness authorities provide guidelines which will
result in a fatigue life on test which has not been influenced either way by the large load cycles.
Guidelines for small American airplanes are given in Reference 14.

At the low end of the spectrum it is regarded as essential that loads be included which
theoretically produce no fatigue damage, since they influence crack initiation by fretting and
loosening of joints. However, some compromise is necessary, as the rate of cycling of the test
rig will generally place a practical limitation on the number of small loads that may be applied
if the result is to be available in a reasonable time.

A comprehensive survey has been made by Mann 9 of the results of many investigations into
the various factors that should be considered when designing a test load spectrum.

There is no rigid procedure for determining the intermediate load levels. One of the two
following is usually adopted:
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(a) each block of load cyclcs producing an equal amount of fatigue damage in the specimen;
(b) the peak load magnitude in each block differing by an equal amount to the preceding

block.

4.5 Modification and Repair During Test

A full-scale structural fatigue test also provides data for the design of repair or modification
schemes, and the opportunity to develop and prove these for incorporation if required during the
service life of the aircraft. No changes should be made until the damage has reached a stage that
can be confidently detected in service or, in the case where structural integrity is not impaired,
until the normal overhaul period.

In those cases where the structure would not be repaired in service for economic or other
reasons, e.g. a time consuming repair or the aircraft would have been in use for many years,
it is po.ssble to effect a repair on the test specimen to stop a fatigue crack developing in a known
area ia order to obtain failure in another region. This.repair need not withstand design ultimate
load as it will not be used in service. However, in all cases, care must be taken in the design of
the repair not to introduce stress concentrations higher than those existing in the original
structure.

4.6 Fail-Safe Substantiation

Fail-safe substantiation as mentioned in Section 4.1 is a concept adopted by airworthiness
authorities'O 5.1 to ensure that should a serious fatigue fracture or crack occur, the remaining
structure will withstand reasonable flight-loads, without excessive structural deformation, until
such fracture or crack is detected by inspection.

The requirements to ensure these objects are:
(I) The structure must be designed with multiple load paths so that the load can be shared

or shed when cracking occurs in a primary member, i.e. structural redundancy.
(2) The critical load carrying areas must be inspectable using techniques capable of finding

cracks before they reach their critical length. The techniques and frequency of inspection
should be such that if a crack that has already started is missed at one inspection, it is
safe to permit growth until the next, i.e. the strength of the structure will not fall below
a required minimum.

(3) The structure must be capable of tolerating damage, either by redistribution of load
around a failed area, or by selection of design stress levels and material, permitting a
relatively long critical crack length.

(4) In conjunction with structural redundancy there should be a combination of material
selection, design stress levels, and crack stoppers to produce a controlled slow rate of
crack propagation and hence provide a reasonable period between inspections.

With these requirements fulfilled a fatigue test can be carefully designed to reproduce
service loads and hence cause cracking to occur in predicted critical areas of the structure. In
such a test it is often difficult to know when to stop the investigation. Generally this stage is
reached when it becomes no longer a viable economic proposition to repair fatigue cracks and
proceed, or the factored test life has greatly exceeded that life which is required for the aircraft
type. In this latter case the test should continue until fatigue cracks have been found in all
critical areas.

When the test is halted it is often followed by further investigations into the ability of the
structures to withstand proof load and/or into the residual strength of the structure. Most of
these residual strength tests require further weakening of the structure by extending the crack
length until a prescribed percentage of the load carrying tension area remains. Lengthening of
the crack is usually done artificially by saw cutting from the crack tip. When this method is used
it is mandatory that the tip of the critical crack be sharpened by further fatigue cycling of the
structure.

The structure may then be statically tested to either failure or to a load just in excess of
that necessary for an acceptable standard of safety.

A test article that has been loaded beyond the maximum load in the fatigue test loading
spectrum for the purpose of residual strength investigation cannot be used any further as a
fatigue specimen, because of the preloading effect on both crack initiation and propagation.
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Thus fail safe fatigue investigations require the provision of another test article to establish the
fail-safe characteristics of fatigue cracks as they occur in the test.

4.7 Safe-Life Testing

As previously mentioned in Section 4.1, when testing under a safe-life concept the criterion
used to establish the safe service life is the actual fatigue life to catastrophic collapse divided by
a factor of safety.

All aircraft with non-redundant structures automatic.lly fall into the category of "safe-
life", e.g. strutted wings and single spar attachments to the fuselage. Depending upon the results
of the fatigue test it may be possible to extend the service life by monitoring crack growth, but
this approach is yet to be accepted by airworthiness authorities.

The object of the test when applied to this type of structure is to establish, for the first and
subsequent failures, the components involved and the corresponding fatigue lives using a load
spectrum representing the average for the fleet. Similarly the test specimen is selected as being
a normal average representative structure. Hence the safe life of type so obtained from the test
covers all the operating fleet and each aircraft is removed from service when this life is reached.

Extensive major repairs should not be made to the specimen during the test, because the
whole object is to obtain the life to catastrophic failure of the structure, from which a safe
operating life is derived. However, normal scheduled servicing and inspections are done to main-
tain the test validity.

Progress of a safe-life test can be faster than a fail-safe test, since the detection of a fatigue
crack may only require subsequent monitoring to determine rate of propagation. Similarly in
service the aircraft is only subjected to routine inspections and minor repairs.

The main disadvantage of the safe-life concept is that it restricts the true serviceable life of
better than average structures, and it allows "rogues" to exist undetected. Thus it is wasteful of
the good structures while also harbouring the risk of non-detecticn of the weaker ones.

4.8 Development of NDI Techniques

Many aircraft owe their long service life to the fact that it was possible to design and develop
non-destructive inspection (NDI) techniques during the full-scale fatigue test, e.g. Venoms
operated by the Swiss Air Force."

Some NDI techniques such as radiography rely almost entirely on prior knowledge gained
during testing to give the exact location and shape of a fatigue crack to enable its detection during
service. The application of other techniques using magnetic rubber, eddy current and ultra-
sQnics has enabled crack propagation rates to be accurately determined during testing, such
that an extension of life is obtained while the crack is growing to a critical size. This is the basis
of the safety-by-inspection method of fatigue life monitoring.

5. TESTING OF ASSEMBLIES

The fatigue testing of large structural components or sub-3ssemblies is carried out using
techniques as for full-scale structures. Some aircraft designers for many reasons, of which cost
is a major one, have attempted to predict the fatigue behaviour of the complete structure from
tests on components.

It has been conclusively shown that there are severe limitations in applying the dat., so
obtained, and such tests are now confined to design and development of structural details and
comparison of relative fatigue performance."

Such tests can also provide other useful design data such as:
(i) scatter in fatigue life where new materials or fabrication techniques are introduced;

(ii) crack propagation data for reliability analyses; and
(iii) residual strength of structural elements.
The two main problems when testing structural elements to provide data for life estimation

are:
(a) providing representative load distribution in the test specimen; and
(b) incorporating in the test specimen the manufacturing methods used in constructing the

full-scale structure.
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6. DATA AVAILABLE FROM FULL SCALE TESTING

Some of the information thai can be obtained from a fatigue test that is representative of
service conditions on a full-scale structure has already been covered. However, it and other
information available from such tests are included in the following summary:

(I) Detection of areas of the structure liable to exhibit fatigue cracking during the service
life of the structure, i.e. location and modes of failure.

(2) Life at which fatigue cracking may be expected to begin in each of these areas.
(3) A reliable value for the mean life to collapse or failure of the structure. A reliable mean

life can only come from a well designed and planned test of a full-scale representative
structure. Such a test also allows a reduction in the scatter factor used to determine the
safe service life. There is a further reduction in the factor on statistical grounds if more
than one specimen is tested.

(4) Rate of crack propagation in terms of service life. If not measured during the test, it is
sometimes possible using fractographic techniques to analyse crack growth on the fracture
faces at the completion of the test. This is done by relating the striations or markings on
the surfaces to the load history.

(5) Residual strength of the fatigue cracked structure which provides additional data on
the margin of safety of the structure.

(6) Design data on efficiency of repair and modification schemes, e.g. bonded fibre reinforced
plastic repair patches.

(7) Determination of the inspectability of the structure, coupled with design and develop-
ment of NDI techniques and equipment to be used during the service life of the aircraft.

(8) From tests on a number of identical structures, it is possible to produce data for
subsequent design of similar structures and fatigue life estimation. ARL have produced
such data from tests involving 20 Mosquito,' 9 28 Boomerang, 2" 21 Vampire,'," and
222 Mustang4 21', 2', 23.2 4 semi-span wing specimens. Data from these tests together
with data from other investigations have been used in production of the aircraft design
data sheets of the Engineering Sciences Data Unit sponsored by the Royal Aeronautical
Society of UK.2 5 The significant conclusions from full-scale fatigue. tests.done in ARL
are given in, the Appendix.

7. FACTORS RELEVANT TO FULL SCALE FATIGUE TEST PLANNING

The commitment of resources required to conduct a worthwhile full-scale fatigue test are
of such a magnitude that the cost effectiveness of such tests must be considered. The following
factors have to be considered before the most appropriate test can be formulated, and plans
made for its execution:

(a) Cost-money, materials, and manpower.
(b) Timing-whether early or late in the life of the aircraft type.
(c) Load representation--use of complete airframe, flight-by-flight or programmed load

sequences.
(d) Time scale of test-cycling rate of loads, shift work (continuous running).
(e) Inspection-frequency and techniques to be employed.
(f) Environmental factors-service flight conditions.

7.1 Cost

The costing of a test in terms of money, materials and manpower is a reasonably straight-
forward engineering task. The cost effectiveness of a test to determine the safe operating life of
an aircraft is far broader, and involves some unknown factors, and evokes many more. In some
cases it is easier to gauge the cost if a test is not done. This was highlighted by the cost to the
United Kingdom of the fatigue failures in Comet and Viscount aircraft, which caused whole
fleets to be suddenly withdrawn from service; unlike an accident from a cause peculiar to one
aircraft, the presence of a fatigue failure affects equally the whole fleet.

Some years ago Harpur and Troughton 2 ' analysed costs and were able to show that fatigue
testing can be justified on economic grounds alone.
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7.2 Timing

For commercial aircraft, it is as important to know before the start of service the period of
safe use as it is to know the scale and type of business that is predicted for the aircraft type.
Hence fatigue tests are usually started prior to entry of the aircraft into service with the test
staying well ahead of the service life.

The importance of knowing the safe operating life of a military aircraft is largely determined
by the nature of the current threat. Fatigue is not a major factor in wartime, but during low threat
or peacetime it affects training nrogrammes, and the all important planning for and timing of
replacements to meet the ever changing demands of preparedness. In many cases, fatigue tesis of
military aircraft are done towards the end of their theoretical predicted life in order to obtain a
possible extension for the life of type.

7.3 Load Representation

The major consideration is how much of the actual aircraft is available as the test specimen,
because the degree of load representation is directly related to both the aerodynamic complexity,
size and cost of the structure, and its prime service role, e.g. sub- or supersonic, fighter or ground
attack, aerobatic or non-aerobatic, etc.

The number of load rases required to encompass the various operational roles of the air-
craft type depend mainly on its aerodynamic configuration, including fixed or variable wing
sweep, flaps for STOL operation, tailless delta (which requires a large shift in centre of pressure
over the mainplane), etc. Short range and agricultural aircraft have wide weight changes between
the many landings which produce large and frequent ground to air cycles of load.

In general, if the whole airframe is to be tested, then the simulation of service conditions on
wings, undercarriage, tailplane, flaps, engine reaction, cabin, and fuel pressurisation loads, will
require many loading channels to ensure that the various fatigue critical areas are loaded correctly.
These channels will require a comprehensive control system to apply the loads in the correct
order and magnitude, and thus correctly represent the interaction experienced in flight-
manoeuvres.

A test involving this degree of service load representation must have in-flight load data
available for each channel in order to maintain a balance between the goal of the test and the
considerable cost. The flight data should be edited to remove some of the small but numerous
non-darmaging loads, and to see that rare but known loads are included. Thedataare then arranged
in flight-by-flight blocks, usually in arbitrary order. Modern test rig control systems permit the
sequence of the load cycles within each block to be applied as recorded in service.

7.4 Time Scale of Test

The three main factors effecting the time to complete the test are the cycling rate of the
loading system, the number of loads included to represent the lower portion of the test load
spectrum, and the time taken to effect repairs to the test specimen.

Fatigue behaviour can be modified by variation in the rate of load cycling, but in the case
of full-scale structural testing it is difficult to test faster than the natural frequency of the structure,
e.g., about 12 Hz for wings of small aircraft, a rate which is reached in service from gust loadings.

As previously mentioned fatigue tests on aircraft structures are long term programmes, for
example, testing of the Dove wing 3 which involved both airworthiness and research investiga-
tions spanned 10 years, while in the case of the Mirage winz,-,2 where the data were urgently
required for extension of life of type and the test was run continuously, it still took nine months
to simulate 33,000 flights.

Continuous test running is almost essential for full-scale fatigue tests and this will invariably
involve shift work since it is unwise for safety reasons to leave servo hydraulic systems running
unattended. Problems may arise in maintaining complex equipment outside normal working
hours; however, this can be minimised with the use of reliable computer controlled and monitored
systems.

It is most important that inspection periods for the specimen and testing equipment be
carefully planned to make optimum use of available skilled staff and serviceable equipment. In
this way the test proceeds as scheduled, and the test results are available sufficiently in advance
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of service aeroplanes. However, a large amount of time can be consumed assessing the significance
of fatigue cracks and determining repair procedures before resumption of the test.

For planning purposes it is prudent to assume that actual running of the test rig will occupy
only 25% of the time allocated to conduct of the test, i.e. for an eight hour day tiie rig running
time will be two hours per day with the remaining six hours being used for inspection, repair and
unscheduled stoppages.

7.5 Inspection

One of the prime reasons for doing a fatigue test is to know when and where fatigue cracks
are likely to occur in the structure. Hence an important objective for inspections in every fatigue
test is to find all the cracks as soon as possible after initiation, and monitor their subsequent
growth. In cases where this is not possible, fractographic techniques have been developed
which enable growth data to be ascertained by an examination of the final fracture surface.

Techniques used and inspection periods chosen are mainly determined by the criteria
adopted by the airworthiness authority. In tests conducted under fail-safe or safety-by-inspection
criteria, the inspection and equipment used in these types of test to find cracks and monitor their
growth are extensive and exacting because of, for one thing, changes of load with redistribution
within the redundant structure.

The test is also used to develop the non-destructive inspection technique so that it can be
confidently used to monitor the airframe in service.

Another essential factor to be determined from the test is the critical crack length for those
areas of the structure liable to crack in service. Time must be spent on these inspections, and on
the assimilation of the knowledge which they are revealing on the fatigue performance of the
structure as the specimen advances toward final failure. Unless an adequate allowance of time
is made for this vital aspect of a fatigue test it is more difficult to meet target dates and obtain
the required data from the test.

Determination of both the timing of the inspections and the specialised equipment to be
used for the various parts of the structure require considerable experience, skill and responsibility,
because so much of the data cannot be obtained later-it must be recorded as it happens.

7.6 Environmental Factors

The effect of environment on fatigue behaviour has not been regarded as being significant
for the majority of subsonic aircraft. Some tests have been done in the open rather than in the
semi-protection of a laboratory, especially in the case of large aircraft where it is less costly and
more convenient. It would be difficult to reproduce the changing conditions of rain, hail, icing,
oil and fuel spillages, bird and lightning strikes, etc., that an aircraft experiences from flight-to-
flight, and almost impossible in the laboratory to simulate the effect of ageing that is experienced
by the structure during its service lifetime.

In the case of supersonic aircraft there are additional stresses imposed on the structure
that can equal in magnitude those arising from manoeuvres, gusts, etc. These stresses are generated
by the thermal gradient that the structure experiences when the aircraft accelerates to supersonic
speed, causing heat to be generated in the boundary layer by compression and frictional forces.
\ reverse gradient occurs when the aircraft decelerates. In this latter case the internal structure

is hot after the flight at supersonic speed, and the outside (of relatively low thermal capacity)
is exposed to the cold atmosphere. The thermal stresses produced are proportional to the tem-
perature gradient through the structure, and hence reduce to zero as the structure approaches
uniform temperature. Structural temperatures of 120'C can be reached during flight at mach 2.2
(60,000 ft) which can also expose light alloy materials to the effect of creep and other temperature
dependent phenomena.

In any fatigue life investigation on supersonic aircraft these thermal effects must be repro-
duced in the laboratory test even though their simulation adds tremendous cost to an already
costly task.

8. FUTURE DEVELOPMENTS

Despite the continuing hopes that full-scale fatigue testing can be replaced by calculation
and tests on components, experience has shown the continuing need for such tests.
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Change, m• ralef Oak sf 4.-un•truction coupled with new or diflercnt manufacturing tech-
nique- can produce drastic reductions in fatigue life of new aircraft, a recent example being the
General Dynamics, Fl II airframe.'_

The computer controlled electro-hydraulic loading s)stcms should be able to cater for ali
loading c•.-ses envisaged. although unfortunately the cost is high. However. the testing of super-
sonic ;.,rcraft structures still requires considerable research into the production of a laborators
reprserntation of the thermal cycles, in a reasonable period of test time.

Certain materials such as the ultra high strength steelsZ- 2 9 are significantly affected by
the atmospheric cnvironment. and it may be necessar- to control this aspect as well during
testing.

The variation in service load histor) for individual aircraft has led to the formulation of
fatigue life monitoring procedures in which fatigue damage for each aircraft is calculated using a
number of significant parameters recorded in service. 12 The essential characteristics of laborator%
tests ir the future are that ihey will be conducted on a complete 3tructure on which a flight-by.
flight sequence simulating the service load history is applied, with the load distribution and
en\ironment .ar)ing according to the operating conditions pertaining to each flight.
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APPENDIX
Conclusions from ARL Full Scale Fatigue Tests

From the numerous experimental investigations involving fatigue testing of full-scale
structures at ARL, it has been possible to arrive at a number of conclusions concerning tech-
niques and the fatigue behaviour of riveted aluminium alloy structures.

The following is a brief statement of the more significant findings, not in any order of
importance:

(1) The different methods of testing employed, viz. hydraulic and vibration, give appreci-
ably the same results, e.g. life to crack initiation and collapse, modes of failures, etc.,
under identical loading conditions. 2

(2) The types of failure which occur in separate areas of the structure~under constant load
amplitude testing are dependent on the load range and the peak load of the cycle. In
the case of the Mustang wing, seven distinct types of failure were identified in four
areas. 2 1

(3) The continuous spectrum of service loads may, for testing convenience, be rationalised
into programme blocks comprising a relatively small number of load ranges (from 3
to 6), or into random sequences of turning points at a number of levels (from 12 to 22).
These sequences have proved adequate to establish the various locations of failure and
their sequence.' 'do In a we!l designed test on an aircraft structure there will usually
be a number of failure regions. In the case of the Dove wing, 3 the structure cracked at
approximately 27 locations, while on the Vampire wing 2 ' there were 12 failure regions.

(4) Riveted structures of 24 S-T or similar alloy show very similar fatigue strengths when
compared on the basis of average stress in the critical areas. Such structures may be
represented by a common alternating stress-mean stress diagram using a standard
deviation in log life of S =0-32, which includes the effect of variation between
structure types and the variation within structure types. 2 ' Such basic information is
required when the need arises to make a cumulative damage summation for structures
subjected to variable amplitude ioad.histories. Such a diagram has proved useful for
making preliminary estimates of the safe life of 24 S-T structures.

(5) Fatigue failure in a riveted and bolted structure cannot be accurately predicted by
tests on simple fabricated or notched fatigue specimens. The value of theoretical stress
concentration factor required to give equivalent fatigue lives has ranged from 3.3 to
4 .2. 5.21

(6) The effect of a high preload, e.g. anything greater than 70'1, of the ultimate failing load
in the tension mode, is to prolong considerably the life of the structure. However, in
one experiment there was found an optimum value of approximately 85% of the
Ultimate Failing Load, producing a maximum increase in life of about 300•/2o

(7) The rate of crack propagation through a redundant 2024 aluminium alloy structure is
reasonably constant for a large part of the total life (40%, to 70%), then the crack rate
progressively increases until failure occurs."

(8) The assumption of linear cumulative damage shows reasonable agreement with the
data for load levels of practical interest, provided a suitable procedure is adopted for
replacing a fluctuating load sequence by equivalent load cycles. 2 3

(9) The Laboratories have tested various ways of converting load histories to load cycles,
as far as fatigue damage is concerned. None of the conversions has led to completely
satisfactory predicted lives under random conditions, but they were fairly accurate for
programmed loading. 4 Hypothesis HI (load fluctuations determining fatigue damage
are obtained by combining maximum "peaks" and minimum "troughs", irrespective
of position in the sequence), known as the peak count method, gives, in general,
predicted lives closest to those actually obtained and it is usually conservative; all
other methods investigated produced optimistic lives. Hence for-the purpose of con-

192



servadively estimating Fatigue lives from basic S-N data the general use oF Hypothesis
I1 is recommended.

Considerable care is necessary in scaling S-N data so as to match total calculated
Fatigue damage to that observed in spectrum fatigue tests. In the case, For example,
where linking manoeuvres are in significant numbers, or where the spectrum resolves
itself into separate ground and air cycles, other methods, e.g. range pair counting, may

prove preferable to H I for scaling the S-N data.
('10) The variation in the transfer oF load between removable panels and primary structure,

i.e. panels such as Fuel tank doors, attached with screws which may loosen, can greatly
influence both the life and mode of final fatigue failure.

(I1) It is essential in any full-scale fatigue test to continue the test until fatigue cracking
occurs. i.e. until the fatigue critical component(s) or region(s) have been identified.
and the way in which the fatigue failures develop. 1 his applies especially to the "'fail
safe" type oF structure. Progressive repairs to the fatigue cracked regions may be used
to prolong the test.

(12) The estimation of fatigue life of a structure using existing data relating to similar
.structures or components is subject to a number of errors. Moreover the changing load
distribution particularly in a redundant structure is so complex that fatigue testing of
individual components does not in general well produce the actual loading conditions.
Hence a fatigue test on the complete structure is necessary.

(13) The introduction of a large negative load, e.g. the ground-to-air cycle of loading,
greatly reduces the fatigue endurance. In the case of the Mustang wing, specimens
tested under a load spectrum representing a four engined turbo prop transport aircraft,
gave a reduction in endurance of between 70% and 80% when the ground to air cycle
was included.'

(14) The residual strength oF a cracked structure is difficult to calculate since in the case of
a relatively ductile material such as 24 S-T aluminium alloy the general yielding at
failure is sufficient to redistribute the load across the cracked section.

(15) In many specimens the Fatigue cracking leading to final Failure oF the structure was not
detected until catastrophic collapse occurred, despite the application oF a recom-
mended non-destructive inspection technique. Hence it is essential to identify cracks in
those full scale Fatigue tests that are designed to allow for continued service oF aircraft
using the "safety by inspection" method of operation.

(16) The costs involved in a fatigue test programme are quite large and the technical prob-
lems associated with simulation oF actual service conditions difficult to solve; hence
the design oF a fatigue test requires the application of considerable engineering judg-
ment in order to achieve a cost-effective yet realistic test.

(17) Screw fastener tightening techniques can produce large variations in stress in primary
structure, e.g. a range of 201' in the spar boom oFa wing containing a number oF large
removable panels. ' '

(18) Radiographic inspection using X-rays was not found to be a reliable means For detec-
tion of cracks, even when the crack had been located visually. 10 ' 1,'-12

(19) Wooden aircraft structures have fatigue lives greatly in excess oF those fabricated
from aluminiutm alloy. 19 in the case oF the Vampire tests two Fuselages outlived 23
wings.
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TABLE I
Circuits for Loading System

No. Name Function/Description

Irolect,,ion Monitors

Pump Room Status This circuit shows when hydraulic power is available, and will
inhibit starting the system if pumps arc olr-line. Will stop all
systems through main latch (lock-up systems) if hydraulic
power fails.

2PDP-II Status Shows computer is operating and on correct programme.
Circuit is set by the computer, and when not set inhibits
resetting the main latch. It shuts the system down through
fhe main latch and solenoid valvc supply if the computer
fails.

Fotal Power The circuit monitors system power supplies and inhibits reset
of the main latch until all system electrical power is avail-
able at the specified voltage levels. It shuts the system down
through the main latch ir a power supply fails.

4 Smoke Detectors All instrument racks are monitored for smoke. If smoke is
detected the system is shut down through the main latch
and a fire alarm is started.

Safety System Indicates all protection printed circuit cards are correctly
Security plugged into modules. Cards in the protection system carry

shorting links which are all connected in series. If the loop
opens the system is shut down through the main latch.

6 Manual Stop Buttons Provides for emergency iitervention by the operator. Buttons
exercise direct control over the mechanical contactor in the
electrical s.pply to the solenoid valves and as a secondary
action trip the main latch.

7 Inertia Switch Responds to violent motion of the wing, anti will stop the
system through the main latch unless inhibited by the com-
puter. The switch is automatically reset whenever the

inhibit signal is removed.
Wing Limits Microswitches monitor travel of all actuators applying load

to the wing. These switches can shut the system down
through the main latch and through the mechanical con-
factor.

9 Undercarriage Limits As for circuit 8, but monitors the trasel ef the undercarriage
actuators.

10 LVI)T Limits Uses linear variable differential transformers to monitor the
position of the wing. The circuit will stop the system through
the main latch should the output voltage of the trans-
formers exceed preset limits,

I I Rig Oil Pressure When the rig oil pressure is zero prior to starting this circuit
must be cocked by the operator before the main latch can
be reset. Once the correct operating pressure is achieved the
cocking circuit is automatically disabled. thereafter a fall in
pressure below the set value will stop the system through
the main latch.

12 Excess Error Monitors error signal magnitudes in all servo-amplifiers, and
shuts the system down through the main latch if the error
exceed,, a preset value on aiy servo-amplifier.

13 1F.cess load Monitors the load signal magnitudes in all servo-amplifier,.
and shuts the system down through the main latch if the
load exceeds its preset value in any servo-amplifier.
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TABLE I--continued

Nr• Name IFt nct ion/iDesc ri piion

14 Slew Rate Limiting Limits the maximum flow rate through the servo-valvc by
limiting the magnitude of the electrical signal which can be

applied to it.

Control Circuits
Main Latch to Carries a signal from Ihe output of the main latch to the

Computcr computer, and initiates a programme branch to the "Fault"
routine.

2 Valve Supply to Indicates when electrical power is applied to the solenoid
Computer valve circuit, and in the READY and RUN states only, can

also switch the computer programme to the "Fault" routine.
In part this circuit duplicates the previous one.

3 Mechanical Contactor Supplies electrical power to the hydraulic solenoid valve
Control control circuits. It embraces emergency stop buttons, key

switch, and microswitch limit switches. Circuit can initiate
main latch action.

4 Key Switch Operator's key switch must be closed before the mechanical
contactor and thence the solenoid valves can be energised.
Closing this key is the first step in the application of power
to the test rig.

5 Servo-valve Isolator When the main latch is tripped the base circuits of the tran-
sistors driving the servo-valve coils are opened. This reduces
all servo-valve coil currdnts to zero and centres the valves.

6 Valve "V2'" Switching "V2" is made tup of the two solenoid valves which together
provide the main hydraulic control for the rig. The normal
control circuits of these valves are fully duplicated, but when
the main latch is tripped it de-energises only one or these
valves directly. The other valve is de-energised by a com-
bination of computer status and scrvo-amplificr status
signals. The objective of this arrangement was to provide
several possible paths for the shutdown signal.

7 Frror Circuit Inhibit During the application of "spring-back" load to the. under-.
* carriage this circuit inhibits all error signal monitors in the

servo-amplifiers, and the inertia switch signal, to avoid
spurious main latch shutdown. Without this inhibit signal
the large transient signal would trip the main latch.

8 Inertia Switch Auto- The inertia switch may be tripped during the application of
matie Reset spring-back load. This circuit ensures the inertia switch is

reset before the inhibit signal is removed.

Protection, ( Mixci'llon'ous)

Calibration Circuit Shunt calibration relays in the feedback ampliliers can only
Inhibit be energised when the key circuit is open. The application

of electrical power to the solenoid valve circuit places an
additional open circuit in the calibrate relay lines.

Barrier Condition A system of light beams monitors movement of personnel
into the inner icAt rig area. If the barrier circuit has been
tripped the system cannot be started until the area is checked.
If the barrier is tripped while the system is running a warn-
ing is sounded in the control room.

Voice Recording Voices on the inter-com system are automatically recorded on
a voice operated cassette magnetic tape recorder.
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rDISC•SSION

QIESTION- I .M_ 'ifi Pherop
I li.flE',UrlY 0iI[)['%Jo~pmnP t Eftiafhhtctit, )

N ou mentioned that considera'ion had beet, given to the posihilit• of preloading a structure
% ,ith the "ie'" to increasing its fatigue life. Just how serious is the possihiht.,,? What are the
problcrns? 'ould -ou please zxpand on this matter?

Author's Reply
Preloading of a 24 S-T Al. allo% riveted structure to hesond 70".. UITS will prolong the life

under a much smaller fluctuating load. In experiments at ARL the optimum value of preload
was found to be 80",, which increased the life to failure by 300-_

The main problem ib to load a structure to this high value so that all critical areas are pre-
loaded. and other areas are not loaded beyond design limit stress. Large aircraft can have about
30'", of Aine area moveable, i.e. flaps. Olats. spoilers, ailerons, etc., which influences the %arious
loading case% to cover all flying conditions. When a loading case is defined, a rig has to he
designed to apply and react the combination of these substantial loads.

If the structure were iess complex and non-redundant, requiring sa) only one loading case
to coser the major part of ih, flight cnselope. there may be a strong case to take advantage of
the pre-load effect.

During the early 1950s thcre was serious consideration given to subjecting new, aircraft to
design limit load during the productiz-n test flight. However. ihe idea was dropped because of
the likelihood of exceerling the desired .iad and the fict that this could only apply 66",, UTS
which would be of doubtful value.

QU.S•ETION-J. G (;arli
(Defence Science Adnunistration)

Would _,uu comment on 'he application of your tehniques to the field of helicopter flight
loads and fatigue, as opposed to conventional airfiame fatigue, which has be-n the principal
concern of sour paper.

Author's Reply
The techniques deseloped at ARL for fatigue testing of aircraft structures have been simple

in concept, namely, to find means to simulate the "in-flight" loading conditions by distributing
loads into the specimen in such a %av as to not interfere with the structural integrit. of the
specimen. Before this can be done the magnitude, frequency, distribution and sequence of flight
loads must be known.

Computer controlled servo-hydraulic systems have made it possible to apply any combina-
tion and sequence of loads that can be determined by instrumented flight tests, or from prediction.
The only problem is time and money to design, construct, and commission these systems.

Considerable difficulty is met when these tried and proven techniques of fatigue testing
are required to test a flying machine like a helicopter in which the lifting surfaces serve also as
the propulsion device. ThiN produces forces, i.e. '-Tennis Racquet" moment. Coriolis force. etc.,
that can only be effectively produced by actuall) rotating the blades.

Other forces combine in forward flight to produce loads of small magnitude but high
frequency (i.e. at natural resonance of the blade), and hence accumulate large n values. These
forces mus. be included in the test because most current helicopter blades are made from
aluminium alloy which has no fatigue limit. In addition, to simulate the interaction of all these
blade loads on the drive gear would require a 6 degree-of-freedom scr'o hydraulic loading
system.

The recording and analysis of helicopter flight load data arc equally difficult because of the
many forces that act and interact and do so on differing planes. However helicopter fatigue testing
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can be done to a very high degree of simulation using thle techniques of' current ff1ght load
:cut iequipment arnd computer controlled servo hydraulic loading systems.

QI ESTiON.-I)r. Ford
iA Rl.)

I (query thie ippropriateness ofr maximum-peak minimum-trough type counting. The interprc-
iation of' AR!. structural test results was made before thcre was much research on counting
niet hod,. For large excursions such as ground to air cycles the numbers of counts are almost

As well as being as good an explanation, the range pair counting has more theoretical
support wvhich has been dliseussed by Jap~anese workers (Endo el al.).

Author's Reply
Trhc provinv of various methods of accounting for load cycles in a varying sequence has,

to Hie authors' knowledge, not yet shown which method produces the most reliable estimate.
Certainly the interpretation of ARI. test results used only the five methods proposed at that time,

aurA s setthe rag air counting has not been tested on that data.
Hovever, any calculation of fatigue damage made for determination of safe life of an air-

craf - structure must be either correct or conservative, and the maximum-peak to minimum-
trough tvpJcof OFCounting was conservative in all cases checked.

QII:STION-R. (G. N~oakes
V(A I cr.- Rt.%salrc PtY. L~id.)

I was an cnL'incering apprentice at the RAE. Fa rn borough --- 1934--38. It would be~late in
'3i or early '36 when some F'atiguec tests were conducted on a Fairey Ill F monoplane (if my
memnory serves mce correctly).

The machine was mounted on a suspension and an electrically driven oscillator mounted
onl the wings. I assume these tests would have been reported in an RAE Tech. Memo presumably
available from the Librarian.

Authior's Reply
The aut1hors are interested to learn of the early fattigue tests on the Fairey aeroplane; however,

the report-, of thesec tests, no doubt along wsith others, have not becn released for publication.
Our reference for reports ha~s been the bibliography on the fatigue of' materials, components and

stut Ire 38-1950 compiled by J. Y. Mann and published by Pergamon Press, and the tests
rdetrred to are not listed there.

QUESiION-R. BI. Dotglasx
t l-1wriou'ot of Tran.%j'orr)

The authors have described 'sa fety-by-inspcct ion" as not having been accepted by air-
%uorthines'. authorkirie. Could they please explain how this diti'ers from -fail safe based on partial
faJilure oft non-redundant structures" which is accepted by some airworthiness authorities?

Author'% Reply
The fail-salfe concept envisage% a redundant structure capable or experiencing a relatively

Lrpc fartigue crack or even failure of at component patrt, which could be easily found during a
routtinc inspection, while flth: structure still retains sullicienit strength and stiffness fro sale
operation. As fair as the autihors tire owarc this requirement is still applicable, and furthermore,
s.hciui suich i crack is (letecled in it fail safle structure it may be either repaired or retired.

llowever, 'saflety-by-inspection" is being used to extend the servitc life or cracked non-
tctdtnnlant structures by monitoring the growth of extremely small cracks. e.g. Iess than I mm
hinl'. Jfhie dletection of such small cracks in structures which tire not easily inspected requires
lhe tise of very costly and time consuming inspection prolcedures.

' hese inspect gnus arc ad tlit t intervals derived from calculations based on a thorough
knowledge of' the crack propagation characteristic% or the critical area. Currenutly at ARI
%tructural relhbility Ilhenry us applictd to Ihe calculation of thes.e interval%.

'101



"This appro:,." hais been used onl, in those tuations 5%%here life of tIpe cannot he obtained
h-. •sihr proven mean,

Qt F.STION- 4ir Iut tfIrshaI R..Vohle
I Dilpartrnitct of Defence (ontroll'r S'rr,'ic Lab.%. twi TrifaA)

(1) Are there trends towards standardisation Af flight load spectra throughout the world?
k2) Is there a trend to wider use of fatigue monitoring recorders and techniques in indioidual

aircraft?

Autbo's Reply
Standard fatigue loading proposals were made in 19731 ', hen it was considered desirable

to test transport t pe aircraft using a common ,.ading sequence.
In Maý, 1975 propoals for a Fighter Aircra:t Loading Standard for Fatigue (FALSTAFF) 2

based (in the operation of four different aircraft types flown by Luronean air forces were presented
for examination by the member countries of the International Committee on Aeronautical
Fa:igue (ICAF).

Although there is considerable merit in using a standard loading spectrun . there is still
some uncertainty in effecling the transformation from test life into flying life for the particular
service load spectrum. Hence. airmorthiness authorities arc still inclined to require a test loading
wshich closel% represents the conditions for the structure under consideration.

Peacetime economics dictate that aircraft are operated to the maximum possihie .erice
life. Fatigue lives estimated on the basis of acrage operating condition% are of necessits conser-
%ative. Furthermore. data collected from sarious countries has sho%%n quite a range in the

seserilt of loads experienced b) different aircraft of the one tIpe both during flight and on the

ground.
Hence. there is an increasing use of fatigue monitori.g equipment and mans fleets carrv

recorders in eversy aircraft

The ',ider range of operating conditions for some aircraft, such as variable ssept wing types
has led to the introduction of multi-channel recorders which obtain data on a number of opera-

tional parameters and these are being fitted to a signiticant neicentage of the flece.

Rcfrt'nce.s

1. de Jonge. J. B. A Standardised Load Sequence for Flight Simulation Tests on
Schutz, D., Transport Aircraft Wing Structures.

Lowak. H.. and LBF.Bericht FB.-IO6/NLR. TR 73029U. March 1973.

Schijve. J.
2. Description of a Fighter Aircraft Leading Stand:rd for Fatigue

Evaluation.
ICAF Document No. 839, March 1976.
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STRUCTURAL LIFE PREDICTION



CURRENT DEVELOPMENTS IN THE LIFE OF
AIRCRAFT STRUCTURES

by

A. 0. PAYNE

SUMMAJARY
Current procedures for fatigue design and fatigue life estimation, substantiation

and monitoring of aircraft rtruriures are reviewed. Major gaps in the present slate of
knowledge are idenfiied and further research dirceted towardis flling these gaps is
discussed.

It is shown that the fatigue asses-ment of modern aircrafq s$ruintrex is a very complex
problem for which no general method of so.,Wtion has yet been established despite the
ertenvive research programmes being conducted G-" vartous aspects cf rhe subject

There is, however, a well developed trend for basic studies of the various aspects of
fatigue behaviour to find increasing application and reference is made to the major fields
of structural faoigue research.
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I. INTRODUCTION

Thc faitigue of airframes became a serious problem of air safety in the 1950-1960 era: it
has since received not only a great deal of attention from aircraft designers and airworthiness
authorities, but it has also been the subject of extensive investigation by aeronautical research
e,.tablishmcnts throughout the world. As a result, the safety aspect has been overcome but with
considerable economic and operational penalties. Because of these penalties and the continuing
trend to%%ard, high performance aircraft, fatigue is one of the most important design and
operational considerations for both military and civil aircraft, and there is a continuing effort
to develop more relined methods of fatigue design and analysis. Despite the large amount of
research there is still no final solution from the engineering point of view and none of the current
latigue design and life monitoring procedures has become universally accepted.'

This paper reviews the field of fatigue of aircraft structures with the objectives of:
(a) presenting a general picture of the state-of-the-art,
(h) assisting the formulatiot, of a more unified approach to the problem,
(W) indicating areas where research is needed to achieve a satisfactory solution.

2. SERVICE ENVIRONMENT

Throughout its service life the aircraft structure is subjected to a complex sequence of loads
ranging from vcry frequent fluctuating loads of small amplitude up to very large loads approach-
ing the ultimate strength. It may also be subjected to a considerable range of temperatures and
atmospheric conditions.

2.1 Loading Actions

The basic load environment consists of manoeuvres characteristic of the aircraft type and
its missions and of gusts characteristic or the atmosphere and the structural response. The
applied loading can be derived from a knowledge of the flight parameters and the aircraft con-
liguration (i.e. the details of each mission) and the member loads or stresses in the structure can
then be calculated.

In sonic aircraft the loads applied during landing, taxying and take-off are comparable in
severity to the flight loads and must be considered in estimating fatigue damage.

In the design stage, representative data must be relied on but during the life the load history
can be obtained from measurements within the fleet. This may be done either by sampling to
estimate the average spectrum or preferably by recording in each individual member of the fleet.

2.1.1 Manoeuvre Loads

Recording programmes have been carried out, particularly on military aircraft to obtain
dala on manoeuvre accelerations. In the US the Vgh recorder has been extensively used and
although the continuous record from this instrument presents a formidable problem of data
analysis it allows the separation of manoeuvre loads from gusts loads. In dhe UK, Europe and
Australia, the RAE fatigue meter has been widely used to record vertical acceleration and this

direct reading instrument has provided a great store or data, The gust counts are established
either from civil aircraft operation under corresponding conditions (where manoeuvre loads can
he neglected) or by consideration of the negative loads which are neatly all due to gusts.

Representative d6ta on manoeuvre loads are presented in military specilications,-'.. and in
the general literature.."-'.

2,1.2 'rurbulence

Inves•tigation of flight loads at very low altitude over various tyl•es of terrain have gisen
detailed inifirrmalion on low level. gutls.', A spectrum of gust veloctie, in clear air and in.
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thunder!,torms has been obtained for various altitudes in an extensive programme by NASA. 8

Information on flight loads, primarily due to gusts, has been obtained on nearly all the

civil airline routes of tne world. As a result of these investigations much information has been
obtained on atmospheric turbulence and is presented in various references.'.'°

Unlike a manoeuvre, a gust applies a dynamic load to the aircraft and the elastic response

of the structure has a major influence on the resulting load. This problem has been investigated
analytically and relationships between gust velocity and the consequent aircraft response have

been published. The techniques of power spectrum analysis have also been applied and while
they are more complex they can help relate the randomi load history of the structure to a random
applied load input

2.1.3 Landing Load Cycles

In transport and bomber aircraft, the load cycles applied during landing, taxying and take-

off (referred to as landing load cycles) may do appreciable fatigue damage because the overhung
weight of the wings, particularly with full fuel tanks, produces a bending-moment comparable

with that under flight loads. This increases not only the effective amplitude of fatigue loads, but

produces the tensile stresses in the upper wing surface which may lead to fatigue failures there
also.

Data have been collected on landing load cycles and some load spectra are available in the
literature.A t

2.1.4 Composite Mission Analysis

In the military field, there are many different mission categories for the various aircraft

types, and a Composite Mission Analysis is often the best or even the only realistic approach

to adopt. This is a basic approach which identifies "mission segments" or parts of the mission

for which the relevant flight parameters are substantially constant.

"The characteristic environmental spectra of the mission segment given in terms of these

parameters, can be applied to give the corresponding spectra for any aircraft operating in the

mission segment. In this way the environmental spectra for a mission can be built up from its

components or mission segments.
This comparatively recent approach has been developed by the USAF 2 and with the com-

pilation of the appropriate data it should provide a powerful method for establishing environ-

mental spectra.

2.2 Other Factors

As aircraft become more complex, the effects of environment begin to assume more

importance. Thus the introduction of jet aircraft led to problems of sonic fatigue; super-

sonic aircraft introduced etTects related to kinetic heating which combined with mechanical

load cycles presents a potential faligue problem. Jet engines and aerodynamic buffeting at high

speed have introduced vibration problems. De.velopment of higher strength materials has

accentuated the effects of corrosion.

2.2.1 Sonic Effects

Sonic fatigue may arise where fluctuating air pressures (usually associated with jet noise

or turbulent boundary layer fluctuations) cause resonant vibrations of structural panels. The

stress and strain levels so induccd may be sufficient to cause fatigue cracking. The input energy

is commonly broad-band random, and the resultilig vibration has either a single mode or a small
number of modes. Therefore the structure behaves as a filter, responding only to the resonant
frequency components present in the exciting noise spectrum.

2.2.2 'reniperalure Effects

The greatly increased speeds of modern aircraft produce heat in the boundary layer due to

a(liabalic compression and skin friction, and this presents potential problems. The increased
temperature of the strturtire may cause long term deterioration of the material properties: thin
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can be countered by the introduction of materials with good performance at elevated tempera-
tures such as titanium and stainless steel. Creep deformation at the higher operating temperature
(does not appear to be a serious problem since the sustained mean-stress is not large compared
to the ultimate strength. Thermal strains arising from non-uniform temperature distribution are
potentially serious in relation to static strength as well as fatigue. High temperature testing of
:•tructures to meet the critical static strength condition is becoming more widely adopted, but
some investigation into the effect of repeated thermal cycling is required.

2.2.3 Vibration
The flexible structures in large aircraft may have pronounced dynamic effects under gust

load:s and landing loads, and the resulting vibration of the structure may cause considerable

fatigec damage. Extensive research is in progress on acroclastic cffccts such as occur when a
structure in flight is subjected to a rapidly applied gust load, but theoretical analysis is difficult
until ground resonance tests are done on a prototype structure. With the continuing trend towards
large aircraft in which these dynamic effects can be important, there is a need for further research
in this area.

2.2.4 Corrwion

Corrosion has proved to be a serious problem in some materials such as the zinc bearing
aluminium alloys and the low alloy ultra-high strength steels, it can cause a marked decrease
in fatigue strength and it is a factor subject to considerable variability. The intergranular
cracking characteristics of stress corrosion can be particularly serious in areas where there are
in-built assembly stresses or internal stresses due to interference fit connectors.

The development of modern inspection techniques has provided some measure of safety
against intergranular cracking but repair schemes are usually difficult and costly.

2.3 Further Research Needed

More accurate prediction of aircraft service loads under specified operating conditions is
required particularly in the design stage before flight measurements are available. For this
purpose, it is necessary to establish those parameters in the load history which affect the fatigue
life of the structure. These parameters must be related to any theory for accumulation of fatigue
damage discussed in the next section. However, it is relevant here since the factors significant
in fatigue are the essential data to be obtained in the flight recording programme.

2.3.1 Pool of Representative Fl;ght Data

A co-operative programme is required for the collation and pooling of data by various
countries to obtain characteristic representations of operating conditions and load histories for
various aircraft.

Compilation of representative load spectra is being carried out by many establishments as
referred to in Section 2.1 but there is a dearth of inf'ormation on asymmetric loads. The major
requirement is to obtain d. ta defining representative load histories for various aircraft types. "2

2.3.2 Aircraft Response

Further research is required into the elastic response of aircraft structures to a random load
input, + particularly as regards techniques for determining mode shapes and frequencies.
Attention should also be given to the more fccurate determination od the stresses induced by the
elastic response or large civil and military transport aircraft to both gust loads, and landing
and talxying loads.

2.3.3 Turbulence

Increasing attention is being given to the development of a m(del or atmospheric
turbulence. In addition to providing a fuller understanding of the variability of turbulence,
this would meet the practical requirement of providing representative gust load spectra for
various altitudes and ares of operation.
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2.3.4 Taxying Loads

Re-search into the prediction of taxying loads from the aircraft response characteristics is
required. particularly a, regard, the non-lineaf chathcterti,-, of the landing gear."

2.3.5 Load Alleviation

Various proposals have been made for both gust and manoeuvre load allesiation. and this
subject has great potential value in combatting the fatigue problem. The usual method of gust
alleviation is to use accelerometers to sense the aircraft response, and fast acting servos to
operate the appropriate control surfaces which are used to apply "direct lift control" rather
than to produce changes in aircraft altitude. Proposals for manoeuvre ioad alleviation have
been made which use symmetrical movements of the clevons or ailerons to produce an inboard
movement of the centre of pressure on the wings. ' '

Research is required into the application of load alleviation and gust alleviation techniques
in the fa'ieue desien of aircraft structures.

2.3.6 The Effect of Temperature

Further work is required into the effect of temperature. There is a need for research
into heat transfer by conduction and convection on fabricated structures, and the stresses
arising from the resulting thermal gradients. For the present generation of supersonic aircraft
which operate below Mach 3, the effect of radiation is slight. The effect of convection is also
small at high altitude, except for integral fuel tanks which include a large part of the modern
aircraft structure.

Research into the effect of temperature and thermal fatigue of aircraft materials should be
continued, especially welded ultra-high strength steel and diffusion bonded titanium construction.

3. FATIGUE LIFE CALCULATION AND SUBSTANTIATION

From the aircraft load history, the fatigue performance is calculated in the design stage,
then usually substantiated by test and continuo sly monitored throughout the sersice life. Three
major design philoophie, have been developed, designated safe life. fail safe and reliability
based procedure.

3.1 Safe Life Procedure

In this method the average life is estimated and divided b, a safety factor or scatter factor
to give a safe life after which the structure or component is retired from service.

3.1.1 Fatigue Design

The fatigue performance of the design is estimated from the design stress analysis and from
fatigue data relating to the design. Since in general there is no prospect of obtaining fatigue
data for the particular service load history, fatigue life data under cyclic loading for various
mean load alternating load combinations (the A-M diagram) is normally used. The
fatigue life under the service load history is then calculated according to some appropriate
cumulative damage hypothesis. An appropriate safety factor is then selected to give a safe life.

The steps in the procedure are as follows:

(i) Identify Critical Areas-The potentially fatigue critical areas must be identified from
the design stress analysis, design drawings and possibly wooden models showing the
structure in three dimensions.

(ii) Derive Relevant Fatigue Data-From the design analysis, establish the member or
component load in terms of flight loading and hence obtain the load spectrum for this
component or member. An A-M diagram relevant to the component or member is
then obtained from one of the following sources-

(a) Data on similar structures or components of the same or similar material such as
the ARL A-M Diagram for aluaiinium alto) structures,'" or the data on notchcd
materials, structural components and complete structures published in the Royal
Aero. Society Data Sheets,." The assumed equivalence between the particular
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structure or component and that represented by the data is one major source of

possible error-the estimate of the corresponding stress or load is yet another.
(h) Fatigue tests on individual components of the structure. The actual component is

tested in this case but the fatigue performance in the structure may differ con-

sidcrably from that in a testing machine due mainly to difficulties in reproducing
the same loading conditions. This method is widely used in the design stage to give
the relative performance of different designs.

(C) Fatigue data from notched specimens of appropriate Kt value. The differences in
stress gradient. combined stresses and surface finish between the notched specimen
and the actual component may have a considerable effect. S-N curves for different
notch configurations of the same Kt value differ from each other and often differ
markedly from the S-N curve of the structure.

(d) Basic fatigue data on the component material. Investigations have been made into
the problem of defining some basic equation relating the local stresses and strains
of the stress concentrator 20 such as that due to Neuber:

Kt - (Km. KJ)

where K, is the theoretical stress concentration factor for the notch and K. and K.
are the local stress and strain concentration factors respectively. This equation
together with the stress-strain curve for the material enables the local stress and
strain of the stress concentrator to be found and the corresponding life can be
obtained from the S-N curve of the material.

There are a number of difficulties with this method however: the local stress-
strain relationship is a function of the strain history and this is particularly so in
the small plastic zone ahead of the advancing crack during the crack propagation
phase; in a fabricated structure the effects of load redistribution, fretting, etc.,
further complicate the situation. The method is therefore still under development and
would seem to be most suited to the crack initiation phase in a monobloc structure.

(iii) Evtimated Average Fatigue Lif-From the basic data in (ii) and the known load
history for the part, the life to initiation of a macroscopic fatigue crack is calculated;
for a safe life structure, this is taken as the life to failure. Theories for calculating the
accumulation of fatigue damage have been put forward, and their accuracy investigated.
For the continuous load spectrum applying to aircraft structures, none of these theories
shows any advantage for general application over the simple linear cumulative damage
theory.'"'

2 ' .23

(iv) Selection of the Scatter Factor-The scatter factor is selected from consideration of
the structure and the loading conditions. It takes account of uncertainties in the life
estimate as well as the variability in fatigue performance, and is often greater in the
design stage than after fatigue substantiation of the structure. Since it is based on the
acceptable safety level, there is also an essential input from previous experience.

The factors contributing to the inherent variability in fatigue performance are
much more complex than those governing variability in ultimate strength, and no serious
attempt has been made to qvantify these on theoretical grounds as yet. Present methods
usually rely on reference to relevant data on similar structures.

(v) Saf' Life Estimate-A safe life is calculated by dividing the average fatigue life by the
scatter factor to obtain a safe life for each critical area. This information is used to
indicate the adequacy of the fatigue design and is a basis for any fatigue life substanti-
ation programme undertaken after the structure has been manufactured.

3.1.2 Fatigue life Substantiation

Research on the fatigue performance of structures showed that, in a complex structure under
a wide ranging load spectrum, local yielding occurs causing stress redistribution and changing
material properties in the region of ratigue nuclei. I" In a fabricated structure this process is even
further complicated by progressive "working" or the connectors causing galling and fretting
and progressive load redistribution between mcnibers. Mainly because or these factors, the
identification of critical areas is cxtrcmely dimcult and there are many well-known cases wl,ere
unsuspected failure areas have appeared even under 1he well-defined conditions of a fatigue test.
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(Valiant, DC9, Boeing 727, Caravelle, F- I l, etc.) These factors complicate identification of
critical areas discussed in (i) of Section 3.1. 1, the derivation of adequate fatigue data in (ii) and
the problem of calculating fatigue damage as described in (iii). These difficulties are all over-
come by a well-designed full-scale fatigue test which is now widely adapted, and is virtually
mandatory under US and UK military specifications, 2,3 to confirm the investigations under (i),
(ii) and (iii) above. The final selection of the scatter factor is then made to give a safe life for the
various critical areas that have been established by the test.

3.2 Fail Safe Procedure

This procedure is applied to structures in which fatigue cracks or component failures can be
found before the strength falls to an unacceptable level. It basically consists in establishing an
adequate inspection procedure and demonstrating that a specified residual strength of the cracked
structure is maintained between inspections. The only relevant military specification at present
is Av. P 9703 which essentially specifies that the inspection period shall be one third of the interval
between the life at which a crack can be detected with certainty and the life at which the residual
static strength has been reduced to 80",, of the ultimate design load, as determined in a full-scale
fatigue test.

3.2.1 Fatigue Design

At the design stage in addition to predicting the initial life, a crack propagation curve and
a residual strength calculation are required.

The major steps arc:
(:) Prediction of life to initial cracking (as in Section 3.1).

0ii0 Calculation of the crack propagation curve. Comparison with previous designs provides
valuable information. Semi.-errpirical methods have been proposed using relevant
data in conjunction with stress analysis by matrix methods. An approach has been
developed recently to predict the crack propagation from the basic crack growth
properties of simple specimens of the same material using a stress intensity approach.
In a monobloc structure where the effects of fretting and load redistribution are absent,
this method has some prospect of success. The conditions in the small plastic zone
ah'•ad of the crack in the structure can be expected !o be comparable with the corres-
ponding conditions in a simple specimen. However, factors such as differences in stress
gradient. and the effect of triaxial stress components have a major influence and attempts
to allow for the geometry of the part and shape of the crack front have not been
successful. A study of the crack propagation process may provide an insight into this
problem

(iii) Calculation of residual strength in the cracked condition. Stress analysis by matrix
metmods in conjunction with other representative data can be used in the design stage.

3.2.2 Fail Safe Substantiation

The difficulties in Section 3 1 apply in this case with the additional complication of the
requirement to establish reliable inspection procedures, and determine the crack propagation
rate and residual strength of the structure throughout the inspection interval.

It is essential to the fail safe approach that all potentially fatigue critical areas are identified
and inspected. The full scale fatigue test has now come to be universally accepted in the military
and civil transport field to identify critical areas and establish reliable inspection procedures.
The residual strength requirement and the crack propagation rate are then substantiated.

The role of the full-scale fatigue test in the fail safe philosophy is aptly described by Maxwell
-"the full-scale test is as important for fail safe structures as for the safe life type although the
emphasis is different".

An important advantage claimed for the fail safe procedure is that ary evidence of
corrosion in the critical areas is likely to be detected during the inspection.

3.3 Reliabilty Based Procedure

As a fatigue crack progresses through the structure, the static strength of the structure
decreases and there is an increasing risk of failure under the applied serice loads. If the risk of
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failure is calculated as a function of life, the inspection intervals to limit the risk to a specified
value can be evaluated."4 This is a quantitative approach, but it requires extensive data especially
on crack propagation, residual strength and on the probability of crack detection.

3.3.1 Fatigue Design
Because of the difficulty in obtaining basic data the probabilistic approach is at present only

used in a comparative way in the design stage to assist in studying the influence of various design
parameters. It is finding most application in the fatigue life substantiation and monitoring stage.

3.3.2 Reliability Based Substantiation
The major steps in the reliability analysis approach are:
(i) determine all fatigue critical areas using full-scale fatigue test;

(ii) determine initial life and mean crack propagation curve using full-scale fatigue test;
(iii) determine residual static strength as a function of crack length by calculation from

representative data in conjunction with results from component tests and full-scale
fatigue test;

(iv) development of inspection procedures and estimation of probability of detection from a
full-scale fatigue test and component tests;

(v) determine variability in initial fatigue life and in crack propagation rate from represen-
tative data,

(vi) determine variability in residual static strength at various crack lengths from represen-
tative data;

(vii) determine any environmental effects, e.g. corrosion or temperature, from comparative
tests on components;

(viii) carry out a reliability analysis to calculate inspection intervals to maintain a specified
safety level.

3.4 Further Research Needed

There is a need to establish more uniform safety standards and improved design criteria; to
further these aims, there are several important aspects requiring investigation as follows.

3.4.1 Specification of Safety Standards
The methods of specifying the safety levels and the values to be adopted are basic questions,

and the long standing lack of uniformity should be overcome if possible. This would require
international agreement.

3.4.2 General Approach to Fatigue Design

It is suggested that the reliability approach could be developed to incorporate into one
aesign procedure, safe life, fail safe and reliability based inspection procedures. The appli-
cation of reliability theory to the problem has been dealt with by a number of research workers.
The essential requirement is to obtain the great amount of data needed and if possible develop
simplifying assumptions to reduce the data requirement.

3.4.3 Adoption of Standards of Crack Detection
There have been major advances in inspection techniques but their reliability is a vital

question; detection probabilities associated with different cracks should be established for each
of the various inspection procedures. This is an area in which collaboration between various
laboratories should be established.

3.4.4 Calculation of Fatigue Damage
"lhere i%, a need for the study or the metal physics aspect or the accumulation or fatigue

damage in the monobloc construction for both crack initiation and crack propagation. This
could he (lone in conjunction with detailed stress analysis or the part using matrix methods.

Subsequently the influence of environmental effects on the crack propagation process should
he Investigated and quantified if possible.
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4. FATIGUE LIFE MONITORING IN SERVICE

In monitoring according to safe life, fail safe or reliability based inspection procedures. the
accumulation of fatigue damage is calculated from the flight load history, to enable scheduling
of inspections or replacements.

4.1 Monitoring by Tail Number

In militarv aircraft particularly, substantial changes can occur in the load spectra for
different aircraft in the fleet and this, together with the increasing requirements for extensions io
the ser,,ice life, has led to fatigue life monitoring by tail number, in which each aircraft is fitted
%%ith its own recording instrument.

4.2 Repetition of Fatigue Calculations

Data accumulated on the loads environment, on stress versus load relationships and on any
fatigue problems observed during inspections are put into the original fatigue analysis and the
calculation of safe life or inspection intervals is continually reiterated. If necessary, adjustments
are made in the fatigue life monitoring procedure. This process enables uncertainties in the
calculations to be progressively eliminated, and al!ows changes in missions to be taken into
account.

4.3 Further Research Needed

4.3.1 Development of the Fatigue Gauge
A\ reliable fatigue sensing device, if it could be developed, would be a great advance for both

safe life and fail safe structures. The most likely development would seem to be a sensor which
would relate the fatigue performance in service to that in a full-scale fatigue test under a closely
representative load history or would closely monitor lead the fleet aircraft. Extensive testing in a
variety of situations would be essential to prove such an instrument.

4.3.2 Development of Flight Recorders

There is a real need for a reliable compact and low cost instrument recording in several
chahnels and providing rapid data processing. Some current developments are the ARL Range
Pair Counter,25 the RAE Cycle Counter2 6 and the NASA-ARDC Eight Channel Recorder.2'
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APPENDIX

Development of Reliability Approach to Fatigue of Aircraft Structures at ARL

bY,

A. D. GRAHAM, J. M. GRANDAGE and A. 0. PAYNE

Research has been carried out at ARL for some years"- 6 which has led to developments in
he fatigue life substantiation, and monitoring of aircraft structures.

The evaluation of the'risk function using data from a full-scale fatigue test on the structure
in conjunction with representative data from other sources has enabled a reliability based safety-
by-inspection procedure to be developed.3.1

This led to the proposal suggested in Section 3.4.2 for a more general approach to the
fatigue safety ofaircraft structures which includes both the fail safe and safe life approaches. 3' 5

The method has been applied to provide a quantitative basis for establishing inspection
intervals for some aircraft fleets in service with the RAAF so as to extend their safe operating
life.' 7 The computer program for calculation of inspection intervals to ensure a specified safety
level has been transferred to the RAAF to operate on the CYBER 76 computer in Canberra.

At the request of the Department of Transport (DOT), ARL is investigating the application
of these techniques to the problem of aircraft such as the Fokker F-27 and the Boeing 707 and
727 which are reaching very long service lives in the neighbourhood of the life they have been
tested to in the full-scale fatigue test.

Following this it was decided to hold a Symposium on structural reliability in Melbourne
under the auspices of DOT and ARL to consider all aspects of this important problem. There
were a total of 48 attendees including five senior representatives from the Boeing company and
leading engineers from the RAN, RAAF, ANA, QANTAS, TAA, Singapore Airlines and
National Airways of New Zealand.

The Boeing Co. "95/95 Concept" for fatigue life monitoring of large fleets of civil trans-
port aircraft was presented and compared with the reliability based approach. 9 The proceedings
of the Conference are reviewed in Reference 10.

As stated in Reference 3 the ARL procedure involves an extensive body ofdata and a number
of assumptions which warrant some development and testing of the procedure in practice.

In a move to set up a data bank ARL has proposed within the Technical Co-operation
Programme a reliability questionnaire which would draw information from aeronautical estab-
lishments within the member countries (UK, USA, Canada, Australia. New Zealand). A pilot
survey of the replies to a questionnaire has been carried ottt I to investigate the problem of proces-
sing and storing consolidated data from various sources..

A research programme is also current to investigate the significance of the major assump-
tions involved in the ARL reliability based safety-by-inspection procedure.

This is described below by reference to the derivation of the risk function and consideration
of assumptions involved.

The ARL Reliability Approach developed in References 4 and 7 considers a structure in
service subjected to repeatedly applied loads S from the service load spectrum F,(S). There will
be a period during which the process leads to the formation or a macroscopic crack at a fatigue
critical area. This is called the life to initial failure N, and it marks the beginning of the wear-out
process in the structure, As the life continues the fatigue crack extends with a progressive reduc-
tion in residual strength as shown in Figure 1.

D)uring this period there is an increasing probability at each successive application of a
service load, that the structure will flil statically and this type of failure is termed here "static
fracture by fatigue". However, if the structure continues to survive this risk the crack will
eventually reach, at a life N,, some length 1, at which it will collapse under the steady mean
load and this is defined as "fatigue fraclure".
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AJsuinption.s:.

(a) Static and fatigue strength arc independent.
(b) The fatigue life N, at any crack length / has a logarithmic normal distribution pZ.:i

wsith ,ariance ;ndependcnt of .
It then follows that for any structure the life N, bears a constant ratio = to the

median life N1 at the same crack lengthI.

N, A ,

(' The median crack propagation curve is known.

t g (A)

(d) The residual strength R(l) expressed as a ratio of the mean value J/.AI) by ihc variate
x(I) = R(1)',yjI) has a characteristic distribution r'x) for all values off.

(c) The mean strength pa(I) is a known function of the crack length 1.
I,)?(/) -= pi . 4D{.), where zo - mean strength uncracked.

(f) For the small probabilities of failure considered the effect of losses from the population
on the probability distribution of residual static strength (x) and fatirue life (z) can be
neglected

Derivation of the Risk Function

It follows 3' 4 from the assumptions that:

r, (N,) -ý 3 Fj r . y 0 4D(I)l pz(x) p,(i) . d-v . d/ Al

r, (N.) J "' Fs(.. . p . p[g(N,:)]) pv) - P(:) . dx . d: (A2)

2

and
rr (Ne) : I . . pA(N, ) (A3)

and the total risk of fatigue failure at Ns,

rr-'r(Ns) =r(Nl -- rj,%'s) (A4)
and the probability of survival

LFTA(N,) e-J' r0T(N), dN (A5)

where r,(N,) and rp(N,) are the risk of static fracture due to fatigue and the risk of fatigue
fracture respectively at any service life N,

The importance of some of the major assumptions is being investigated by studying the
influenee of the following factors using static and fatigue strength data applicanle to an actual
structure:

(i) Variance of Fatigue Life at Different Crack Lengths (related to Assumption (b))

The major assumption in (b) that the variance in fatigue life is constant is investigated by
studying the effect on the risk when a linear variation in variance of log life between initial and
final life is assumed.

b = -a log ,

By a suitable choice ofa and b this case can be made to approximate any prescribed relation-

ship of the crack propagation curves taking
I%£ Sl -- log N, ý- u. a, =- u(b - a log P91) (A6)

where u is the standardised normal deviate u-N(O, I)

u = log- (A?7)
N1 N,

- antilOg [ub+ log N1 (AS)
[_Ua + Iij

Transforming in equation (AI) from the variate I to the variate u with

U, log W, t 1 0

Li - a log A
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and S! 1.
tog - a

U2 N a atl=Il
b -a log NP

r~(,V,) F, c " x'x"o antilog uab l ) p(u) .p(x) .du. dx (A9)

(ii) Forrn of the Distribution of Fatigue Life (related to Assumption (b))
1 he assumption that the distribution of fatigue life is log normal is investigated by :om-

paring the correponding risk functions with those calculated from the Weibull distribution

P(N,) - exp [ V V i-• ] (A 10)

The Weibull distribution is applied using the assumption

ellV, -- Constant C, for all I.
Then

and it follows that A',i V, is constant for constant P at all crack lengths 1. In particular for the
median structure taking V,'RN Cp.

Then
, : ,--C , . C , :

and vith

[N,/N1 -- \k
PIN,) exH VR -A

Hence the expression for r,(N,) in equatoin A2 for the log normal distribution may also be
applied for the Weibull distribution with

p(z) - d(P(:)),d:
where

P(z) exif - (± mY- J]
as above.

To simplif) the comparison the two parameter Weibull distribution is used taking , 0,
and the dispersion parameter k and characteristic value C., are calculated from the mean and
variance of the log normal distribution of life.

(iii) Effect of Variabilir) in Residual Strength on r): (related to Assumption (d))
It is assumed in A3 that failure under the mean load will always occur at the sam. zrazc

length 1o. In fact because of the variation in structural resistance p(x) the crack length at static
fractuire will vary with x.

rA(Ns) = Pr{R ato} where a4io = mean load

I ,',Vf P 7 i(- pr)) . ) dx.

where
(-"/x) = Dlg(N,/=')]

Ni: - #- '(aix)
This can be caLulatcd An comparion with rk-(N.) i A3.

(iv) Modification of ProhobilitY Distribution of x and z by Losses from the Population (related
to Assumption (f))
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As .,+,ses in the population duec to failure, increase.,_ and : arc no longer independent
Sanr.,te¢. oat hasc a joint distribution , l'iKh ,aries with the life A.,. Px..t ,.- .).

('n'.,kri'inv It' utitife, in the r~efneril id '. dZ', a, an initial life :6r Vi. b ao

lilf .N, the p.obabilitý of sunoisal in this element is

CXp fJ,.r. o _Dg [ , N j
Hcnce

PIx, z:..'. ) - -) ex :I F ),e-s PiJ V :]gd."

-PoOO•) POWz exp in q','g[. -1) - ).[": . dN

,,here po(.4)- p,(:) denote the probabi!ity distribution of x, z in the original population.
Hence to insetigate the effect of losses in the population, both risk functions can be calcu-

lated using the distribution P,,.xAX, .:1.V)

r~~jN.) ýP P . s, drrp,(,,) -. I .%y p• Px. z ,(X* ,,;'.) d

and

rAN') '.". ,o • g[,', :]);pz.Ax. :;.N0) d: d.v

(%) 4ccur'aci of .%'uneri al Integration

The succevs of the ARL safet. -by-inspection prccedure has been largely dependent on the
numerical esaluation of the mu:t:ple probabilit, integrals.i 2 A. technique has been deseloped

in which the functional relationships are not rt-'uired in analytical form but the basic data is

put direcil) into the computer.
The integration employs an adaptive routine using a Simpson or a Gaussian approximation

according to the accurac, required and constraints on computer time. and represent, an advance
in the current techniques. The accuracy and performance of this procedure is being tested using

integrable funciions including functions with a singularity representing the sharply peaked
integrands that usually occur in the reliability integrals.

A practical example of the application of the ARL safety-by-inspection procedure is shown

in Figure 2. Inspection interals are established to extend the safe life of the structure %%hile

maintaining a required safety level expressed as an acceptable risk of failure per hour.
When the risk per hour rises to the maximum a~lowable an inspection is carnred out and the

risk is then reduced to the continuous inspection vslue (which is the risk of failure due to un-

detected crack,,). Thus the risk of failure will vary between the continuous inspection ,alue and
the specified maximum risk rm,. as illustrated in Figure 2. The corresponding probability of
survival is shown in Figure 3.

" Strictly a normalising f.",tor should be applied to ailow for the total iu.Ncs in the whoie

population but for the small probebilities of failure considered this is a second order effect which
is omitted to reduce the computation.
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DISCUSSION

QUESTION J. Vj'i'k
.AIs4 -i Airlines

Hooke, in his reiew (Tech. Memo. 253), on page 3 warns against unwittingly attributing
too much reliabi!it, to the precision of the mathematics in estimating fatigue lives.

Mann agrees with this quoting life factor; of between 0 I to 10-0. It appears that in spite
of these statements both speakers (Hooke and ?ayne) are producing more and more precise
mathematics in an attempt to deal with a highly random and unpredictable subject.

In practical aircraft operatingensir,-nment. fitigue tesini---no n-.atter how carefully applied
-. is not considered to provide meaningful data beyond ahout 30.000 hours flying time. This is
due to the influence of other factors -corrosion, manufacturing errors (t.g. Visount VH-RMQ),
noise and small loads vhich arc omitted from the fatigue test, etc. The only manner in wnich the
behasiour of an aircraft fleet can be predicted is by observing the behaviour of that fleet in
actual serice. One procedure that has been put forward in this respect is the so-called 95.95
approach proposed by Boeing aircraft. This technique appears to have been almost totally
ignored at this Symposium. Is this due to the fact that the speakers consider the technique invalid
-if so what alternative do the, offer for life prediction of a fleet in a real, as opposed to a
laboratory. environment?

Author's Reply
Regarding Mr. Visick's comments concerning fatigue life monitoring by inspection, he and

I are, in fact. in agreement on Nxhat should be done and ,h, it should be done: we disagree on
the question of ho•k it should bc done.

There is agreement as to the inaccuracies that can arise in representing the service conditions
of an aircraft by a full-scale fatigue test, although I do not think there is any basis for assuming
that the relevant factors such as "'corrosion, manufacturing errors, noise and small loads'" only
become important beyond a life of 30.000 hours.

There is agreement on the difficult), in obtaining valid data and the need to develop simplify-
ing assumptions as stated in Section 4.3.2 of my paper.

There is agreement on the advantages of using an inspection procedure for fatigue life
monitoring ',hercver possible: in establishing the fatigue life by these procedures we both favour
a quantitative approach which it is hoped employs precise mathematics.

The area of disagreement is on the fatigue life monitoring-by-inspection procedure to be
adopted. At ARL we hae studied various approaches to this problem including the 95/95
concept. As mentioned in the Appendix to my paper this was featured at a Joint Reliability
Symposium held by ARL and the Department of Transport at which representaties of the
Boeing Airplane Co. were invited to attend and the) presented a detailed account of the 95!95
concept and its application to a number of their fleets.

From these investigations of the problem we have been led to develop a Reliability
Approach based on data from a full-scale fatigue test which are progressively updated by the
results of fleet inspections:

The advantages seen for this approach are:
(a) The inspection procedure (which is vital to the success of this type of approach) can

be established on the test specimen under controlled conditions.
(b) It provides a quantitative criterion for establishing the inspection intervals based on the

fundamental condition of the safety level.
0e) It enables a structure or part thereof, which it is not possible to inspect (such as many

safe life structures) to be also embraced by the philosophy: using the reliability analysis
such a structure can be operated to the prescribed safety level.

Its major disadvantage as stated in the paper is the extensive data required on the fatigue
and static strength characteristics of the structure.
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The particu!- feature of the 95/95 concept is that although the probability distribution of
life is assumed as ..i the other approaches, the mean life is estimated with a specified degree of
confidence (95',, in fact) from the results of fleet inspections. It therefore has the advantage
that the mean is estimated from the performance of the structure under service conditions. (An
excellent feature of the Boeing policy is the complete "Tear Down Inspection" carried out on long
life aircraft from a large fleet but this feature could be included in any other fatigue life
m~)nitorilg-l)-iinspccfion1 procedure.)

The 95/95 concept has the disadvantages that:
(a) It is only applicable to fail safe structures-arbitrarily defined in the Airworthiness

Specifications as structures that have some specified strength capability with detectable
cracks present.

(b) There is no opportunity of developing and establishing an inspection procedure for
each failure before it is found in service.

(c) It assumes that the whole fleet is subjected to the same service load spectrum. While
this may be a reasonable assumption for some civil aircraft, it is quite untenable for
many military aricraft types.

QUESTION-F. G. Blight
ARL

Fatigue is now recognised as a major consideration in design of aircraft. It has been sug-
gested that there will therefore be no need for any Australian full-scale fatigue tests of imported
aircraft and that the recent full-scale test on the Mirage wing will be the last of its kind. Would
Dr. Payne please comment on this thesis?

Author's Reply
As Mr. Blight has pointed out aircraft designers have come to recognise the importance of

fatigue and as a result, the fatigue design of aircrdft structures has improved considerably and
fatigue certification for a design service life, usually based on a full-scale fatigue test, is now
carried out by the manufacturer.

However, I believe a requirement for fatigr'c substantiation by full-scale testing in this
country will ccntinue for the following reasons:

(a) As a result of the good flying conditions and the large area of the Australian continent
the utilisation rate of both civil and military aircraft types tends to be much greater than
in most overseas countries.

(b) In the military role, Australia often requires and achieves an economic life-of-type
greater than that guaranteed by overseas designers.

(c) Operations in Australia can produce problems not encountered and not catered for by
overseas designers, e.g. frequent operation from rough airfields.

Because of these factors I think there will continue to be occasions in which Australia will
find it cost effective or even essential to carry out a fatigue investigation which includes a full-
scale fatigue test of the structure or a major component.

QUEIJTION- -D. M. Turh'.ki
MRL

I would like to follow up Mr. Blight's question concerning the possibility that the Mirage
may well have been the last full-scale fatigue test to be done in Australia at ARL since these
days most manufacturers are now doing their own full-scale fatigue testing. With regard to the
Nomad aircraft have such full-scale tests been done in Australia or are they intended to be
carried out, and if not, why not?

What is thie design criteria for the Nonltad.-safe life,
fail safe, or
safcty by inspection?

Author's Reply
GAP are carrying out a full-scale fatiguc test on the Nomad wing, stub wing and wing to

fuselage assembly, to certificate the aircraft in both civil and military roles. The test has been
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designed to establish the fatigue performance under these two types of klad historv using data
on flight and ground loads from an instrumented aircraft which was flown to simulate both
military and civil operations. The investigation is a collaboratie programme inolving GAF,

RAAF, DOT and ARL

GAF ha~e designed the Nomad on the safe life criterion.
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AIRCRAFT STRUCTURAL LIFE MONITORING AND

THE PROBLEM OF CORROSION

by

L. M. BLAND

SUMAA R Y
The principles of fatigue design, and related structural maintenance, are briefly

described for two essentially different philosophies of structural fatigue life. In once case.
it is assumed that no crack is present in any structural component at the beginning of
service and that the components should remain crack-free throughout ihe service life.
In the other case, it is conservatively assumed that cracks are present in all components
when service begins but that these cracks, growing slowly, can he tolerated for the
required service life. The relevance of the chemical and physical environment in which the
structure exists is discussed for the two cases.

The role of structural service monitoring in ensuring safe and economic operation of
aircraft is considered and the place of environment and corrosion monitoring in the
general monitoring scheme is identified. The importance of non-destructive inspe-ction in
corrosion monitoring is also considered, with an assessment of the applicability and
adequacy of various inspection methods in the monitoring task. Indications are given
of the limitations of these methods and of the requirements for improved planning of the
corrosion monitoring process.
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i. INTRODUCTION

A primary concern in the design of the structure of high performance aircraft is the achieve-
ment of the lowest structural weight consistent with adequate static strength and endurance-
Endurance. in the context where the possible effects of corrosion are disregarded, is the resit-
ance of a structural component to crack development by the mechanical process of fatigue.
This resistance, measured in terms of service time to failure, depends upon factors arising in. or
effective through, the design. manufacture. service and maintenance of the structure. Failure by
fatigue may be defined by either crack initiation or growth to critical size.

If the processes of manufacture, including quality control and assurance, are assumed to
be prescribed in the course of design, then adequate endurance will depend. upon the design
being in accord with the service conditions which are experienced and the maintenance processes
which are applied. Variation of the service from that assumed ir, the design and in the mainten-
ance planning will change the endurance. Similarly variation of the nj~initenance from that
required by the design, for the given service conditions, will also affect the endurance.

As part of the design process, an estimate is made of the service fatigue life on endurance
which may be expected from the structure. I, 2 The initial analytical life estimate is verific or
adjusted according to the results of full-scale component and airframe tests carried out subse-
quently. However. the assumptions made. and the data used, in the early estimates of fatigue
life may not correspond to what is eventually experienced in service, at least by some of the
total fleet. Where high levels of safety, and optimization of usage are to be achieved, flight tests
and service monitoring programmes must also be carried out to establish more accurately the
salues of the parameters of service* which may affect the service life.) Using this information
the estimate of life (both total and residual) may be continually revised, either for the existing
circumstances, or to take account of a change in the mode of operation.

The possibilities of a detrimental influence of the service environment, directly or through
corrosion, on fatigue performance are considered in aircraft design and maintenance planning.
Preventative measures are accordingly taken, including the provision of corrosion protection
systemsý (se Section 4.2). Notwithstanding the protection provided. how#.ver, a corrosion factor
may be introduced into the fatigue life estimation process' to account for the detrimental effects
which the chemical environment may have on fatigue crack initiation or growth.

There is always a likelihood of discrepancies between the assumptions made regarding
corrosion in the fatigue design and the maintenance planning stages and the conditions and
effects actually encountered during service. The resulting inadequacy of the corrosion prevention
measures and'or the life factor is evidenced by the high proportion of fatigue cracks, which start
at regions affected by corrosion (Fig. 1).4,5 There is clearly a need for close monitoring of air-
craft structures during service, to detect corrosion which may affect the fatigue life. Ideally,
the environmental influences which are encountered in service should also be monitored. Where
discrepancies are found between what was assumed in the design and what exists in actual service
(and maintenance), adjustment of preventative measures should be made and the endurance
re-cstimatea.

In this paper, the tasks of corrosion and environment monitoring are discussed, and their
place in the general scheme of service monitoring of aircraft structures is considered for two
essentially different philosophies of fatigue lifeing. These philosophies differ in their assumptions
about the pre-service condition of the structural components and the implied criteria of failure.
For one, the structural component (Type I, see Figure 2) is assumed to be crack-free at the
beginning of service, and failure is considered to have occurred when a detectable crack form;.

In normal circumstances the component remains crack-free throughout its service life. '-
Such components are considered as damage-resistant, and no inspection for cracks during their

* Since endurance is dependent upon maintenance, as well as on design and ser',ice, there is
a similar need for m- nitoring of the manintenance process. However, maintenance monitoring
is not considered furt-.er in this paper.
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service life is prescribed. However, it is specified that they shall be replaced, or their condition
exhaustively reviewed, after a substantial, predetermined period of service--their safe life. For
the second philosophy, the structural component (Type I1, Figure 2) is conservatively assumed
to be cracked at the beginning of service; the defect size, which is assumed, depends upon the
effectiveness of the pre-service non-destructive inspcction (NDI)., 6 It is further assumed that
the crack starts to grow immediately upon the beginning of service and it is required that a life
substantially in excess of the specified service life should be achieved before the crack reaches
critical size.'7 Such components are considered as damage-tolerant but periodic inspection of them,
to detect developing cracks and determine their size, is prescribed; repair or replacement of the
component is then undertaken as necessary.

In the following sections, the essential elements of the process of design and maintenance
are described for these two philosophies of fatigue lifeing and certain basic parameters of concern
in the fatigue-monitoring of aircraft structures are discussed. Special reference is made to
environment and corrosion monitoring and to their place in service minitoring. The role of NDI
in corrosion monitoring is also discussed and the adequacy of the available NDI methods for
this task is assessed.

2. DAMAGE-RESISTANT (TYPE 1) STRUCTURES

2.1 Fatigue Design and Analysis

A preliminary activity of basic importance in fatigue design is the determination of the
spectrum of loads, i.e. the magnitude and frequency of load variations, to which each load-
carrying structural component will be subjected during service.' From the load spectra, estimates
are made of the sequence of maximum and minimum stresses which will occur at various locations
within the various components with their nominated sectional dimensions, their individual stress-
concentrating geometries and the associated critical areas.

Where an initial crack-free condition is assumed, the fatigue life of a structural com-
ponent is initially estimated using Palmgren-Miner's linear cumulative damage rule.""'0

According to this rule, fatigue damage, which culminates in the initiation of a crack is equal to
the sum of n/N, expressed as !:"/N: here it is the number of cycles experienced of a given ampli-
tude of stress fluctuation and N is the number of cycles of that amplitude which cause failure
of the given material. Component failure, which marks the completion of component life, is
considered to have occurred when •"/N =I .0. Values of N (fatigue data) are obtained from
fatigue tests on specimens representative of the given structural component or the critical area
of the component.

A distribution of values of N is obtained in a comprehensive test programme for determin-
ing S/N data (Fig. 3a). In the estimation of aircraft structural life, appropriately conservative
(low) values in the distribution of N are taken at each of the relevant levels of stress, S.2

The physical and chemical environment in which structural materials exist may affect their
mechanical performance, including their endurance (Figs. 3a and b).' '0,2 The spectra of varia-
tions in temperature and chemical composition of the environment should ideally be deter-
mined for each component itnd an estimate made of the contribution of cumulative corrosion
damage to fatigue crack initiation.

Some cognisance of component temperature is taken in the fatigue analysis of sub-sonic
aircraft.'-" However, although the chemical environment greatly influences the S/N charac-
teristics of unprotected test specimens, it seems often to be assumed that, because of the cor-
rosion protection systems applied to aircraft compbnents, the environment will not have effective
access to the structural material. Nevertheless, as has been noted, part of the factor of safety
generally applied to the estimated life may be intended to allow for chance access of the chemical
environment to the structure where a probabilistic (rather than a deterministic) approach is
used in the fatigue analysis, a scatter factor corresponding to a certain percenlile of the assumed
statistical distribution of values of fatigue life is used (rather than a simple factor of safety) and
no account is then taken of the possible influence of the corrosive environment on the fatigue
behaviour. "",1 1

2.2 Ground and Flight Tests, and Servile Monitoring

Substantiation of the design fatigue analysis (by full-scale testing) and verification of the
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design asumpthons ibv close monitoring of actual tervice experience) are essential io the
assurance of structural integrity. -

2.2.1 Ground (lAborator)) Tests

tull-scalc static and fatigue testing in the laboratory allos& verification of the stress analysis.
by measurenient of local strains with strain gauges. Fatigue testing oi the full aircraft structure
may also identify fatigue-critical areas not indicated by the stress analysis'" and, of course, it
demonstrates the fatigue :ife of the structure under the test conditions. Usually no attempt
is made in such fatigue tests to simulate the thermal.chemical environmental spectra which
might be encountered in service -- notwithstanding the significant effect the environment may
have on fatigue cracking. Howevcr, as for the analytical estimate of fatigue life, the factor of
safety may be sufficient to account for additional variability resulting from environmental
influence. Where a probabilistic scatter factor is used, no allowance i, again made for the effect
of the environment.

2.2.2 Flight Tests

The utilization of ,arious recording instruments on flight test vehicles, early in the develop-
ment phase of an aircraft, allows verification or more accurate establishment of the flight loads
for given operating conditions8 .I ' and, in some areas, direct verification of the stress analysis
through the use of strain gauges. Flight testing also affords opportunit, for accurate determination
of the thermal spectrum of the components during operation. Generally, in these tests when
Type I structures are invo!ved, no attempt is made to collect detailed information regarding the
chemical enmironment in which the aircraft will operate.

2.2.3 ServiCeC Monitoring

The serNice usage of many high performance aircraft very often differs significantly from
that assumed in the fatigue design analysis, the associated maintenance planning, and in the early
flight testing. Therefore, there is a general need to record, on a continuing basis, a representative
sample of those actual operating conditions which affect the fatigue life of the structure.) In
the traditional approach, these conditions arc identified as those which determine the succesive
variations in load. the process of recording them may be described as load monitoring. 1 he
spectra of enironmental influences (of a chemical kind) which the aircraft experiences in its
service are generally considered to be o.' secondary importance, even though a high propor-
tion of fatigue cracks in aircraft structural components initiate in areas affected by corrosion.

Using the recorded load information, the estimate of the total fatigue life may be continu-
ously revised (life monitoring). Similarly, there may be a continuous assessment of the accumula-
tion of fatigue damage for a group of aircraft undergoing identical service, or for individual
aircraft being used in a unique way (damage or usage monitoring). The service usage of the air-
craft may then be modified accordingly. and.or the maintenance schedules and procedures
adjusted, so as to attain the optimum or required life. Alternatively, with unchanged operation
and maintenance, the expectation of service life is changed. This process of service monitoring
is usually considered to be essential for Type I structural components. Here fatigue damage is
considered to comprise the cumulative effects of load variations only which result eventuall[, in
the initiation of a crack.

2.3 Service Monitoring and Corrosion (Type I Components)

2.3.1 Possible Approathes

Reference has been made to the use of a safety factor to allow for variability in fatigue life.
The proportion of this factor intended, in the initial design analysis and subsequent full-scale
tests, to allow for the corrosive effects- of the environment is usually not defined. 'thus, in the
context of service monitoring, the operator and the airworthiness authority have to consider
whether or not that part of the factor meant to cover the effects of corrosion on fatigue life is
adequate for the environmental conditions actually encountered in service. Where it is not
there will be, of course, a corresponding inaccuracy in the estimate of fatigue damage on life.

There are several possible approaches to making accurate allowance for the effects of
corrosion on fatigue damage and life estimates for Type I structural components. Measurement
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and recording of the physical and chemical environment spectra for nominated components
could conceivably he done by a test aircraft flying representative missions and underLoing
relevant experience on the ground oser an adequate period, but at present considerable prac:ical
difficulties remain to rw overcome. This process of measurement and recording, which might
also eveniuallv be carried out for aircraft in serice. may he described as environment monitoring.

Howeer, reliable estimatior, of the adjustment factor, that would more accurately account for

the edfect of the ensironment on fi.tigue damage and life using such data. and the requisite

analytical methods aie bevond existing competence There are presently no cumulative cor-

rosion damage la,,,s analogous to the Palmgren-Miner rule bv %,hich such recorded data might

he readily utilized 2
On an empirical basis, if some simulation of the real enironment could be made. labL ratorv

tests on simple notched and unnotched specimers would produce S N data for comparison
.%ith similar data from tests in ordinary laboratory air This comparison would give s'ime

indication of the adequac;y of the factor being used.

Further insight into the likelihood and possible magnitude of corrosive effects detrimental
to endurance could he gained by systematic compilation of information on the incidence, loca-

tio'n, nature and extent of corrosion in the structures of the given aircraft-tpe during its service

life- Obseration and recoru'.,, .- :h,. deterioration of, and damage to, the structural Corr-)sion
protection systems may also provide relevant information. The collection of such information

is properdy part of the maintenance process. Utili~ed in an appropriate way, %kith resort to statis-
tical procedures, information of this kind (Fig. 4) could serve as the basis ftr estimating the
probable effect of corrosion on fatigue performance" and. thus, for deciding the adequac, of

the factor used to allow for this effect. H-oweser. because of the complexity of the processes of

corrosion and its influence on fatigue crack initiation2' 2 
2.34 analytical determination of this

factor, even from a comprehensive data base cannot be made in the present state of under-
standing. An intuitive process of judgment, informed b), the empirical observations -may be

used to estimate the factor for both the deterministic and probabilistic approaches to fatigue

damage and life estimates.
The activities of

(il inspecting for cotrosion.
(ii) recording its occurrence. and

(iii) estimating the corrosion factor to be used in damage and life calculations or. the basis

of these obscrvatiois,
constitute the process of corrosion snonitorinm foir Type I (and Type !1 -see Section 3.3)
structures.

Both corrosion monitoring and environment monitoring, ideally, are essential parts of

aircraft service monitoring.

2.3.2 Structural Maintenance, Inspection and Corrosion

2-3.2.1 Structural Maintenance

In the general context, structural maintenance comprises
(i) the inspection of a component (possibly after some associated disassembly).

(ii) the assessment, measurement and recording of its condition with respect to damage or
incipient deterioration, and

(iii) its refurbishment,* repair or replacement as required.

Generally, the maintenance process" is undertaken on a precisely scheduled basis: unscheduled
maintenance is sometimes required as a result of unforseen events or circumstances.

Only .limited maintenance is carried out on damage-resistant structural components of

aircraft, i.e. those components designed to remain in a crack-free condition for a specified

service life. Where maintenance is undertaken, its purpose is

(i) to ensure that no material deterioration has taken place, or
(ii) to repair any deterioration either at the component surface or internally.

which might affect the mechanical fatigue resistance under the given loading conditions. Similar

attention is given to the corrosion protection systems applied to accessible structural components.

0 Refurbishment comprises cleaning and/or re-establishing of a specified surface -or other-
condition. Repair comprises removal and/or re-constituting andjor replacement of affected

material
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Common forms of deterioration are mechanical damage, caused by accidental (abnormal)
forces unrelated to the flight opeiation, and corrosion, resulting from ciemicalielcctrochemical
interaction of the stractural material with the environment. When such deterioration is found,
it is remedied by refurbishment, repair or component replacement.

Normally, with Type I structural components, no inspection for fatigue cracks is made in
the course of scheduled structural maintenance.2 °, 26 Furthermore, structural disassembly is
generally limited and many component surfaces remain inaccessible during even the most
extensive scheduled servicing. However, inspection of some of these surfaces is often feasible,
even without disassembly, by non-destructive methods which may then be appropriately used
as part of the maintenance activity.

2.3.2.2 Inspection and Corrosion

As noted earlier, inspection during maintenance of Type I structures, may p. ovide valuable
information regarding corrosion of components during service and deterioration of corrosion
protection systems. Inspection of accessible (or partly accessible) regions, particularly those
suspected (through past experience or other reason) to be susceptible to corrosion, may be under-
::_ken at various times by all operators. Ideally, the designer/manufacturer would collect all the
information so obtained,"3 collate and analyse it as appropriate and then redistribute the consoli-
dated data, together with a clear statement of its practical implications back to the operators.

The various inspections which may be undertaken as part of the corrosion monitoring
process are:

(I) Systematic, scheduled inspection of all aircraft at the time of major overhauls (e.g.
RAF/RAAF "E" Servicings) for evidence of corrosion and/or deterioration of corrosion
protection systems, using specialised NDT methods and procedures (see Section 4.4).

(2) Systematic specially-scheduled inspection of a representative sample of aircraft, often
with limited special disassembly, in areas particularly suspect because of recent
experience.

(3) Limited inspection at random times, as opportunity occurs, e.g. when repair or modi-
fication work is required for reasons which may not be related to corrosion.

(4) Exhaustive, and eventually destructive, analytical inspection of aircraft specially selected
from the total fleet on the basis of their particular experience and at an appropriate
service life time (e.g. USAF Analytical Condition Inspection-ACI).

3. DAMAGE-TOLERANT (TYPE I) STRUCTURES

3.1 Fatigue Design and Analysis

In the fatigue design of damage-tolerant aircraft structural components, definition of the
planned aircraft missions, and the associated component load and stress spectra, is of the same
basic importance as for damage-resistant (crack-free) components. Similarly important are the
identification of fatigue critical regions (i.e. regions of maximum stress) and, for this type of
component, minimum critical crack size (ir 7ndividual components).

When a'; initially cracked condition is assumed, (he fatigue life of the component is taken as
the time for the crack to grow by slow, stable propagation to critical size (Fig. 2),27.2a whereat
under a normal lo,.ý. nrobably at the higher end of the spectrum, it would extend catastrophic-
ally through the remainder of the component section by the process of fast, unstable fracture.
Such components are operated on the basis of periodic, scheduled inspection of critical regions
for evidence of predicted and unpredicted crack development.

To estimate the fatigue life, it is first necessary to establish, or assume, the form, size and
orientation of the crack which is considered to be present at the beginaing o'f service. These
characteristics are determined by complex interplay bei veen

(i) the quality of the initial, stock material,
(ii) the control of the subsequent processes of fabrication, and

(iii) the sensitivity and reliability of the NDI methods (Fig. 5)2" and prt.'edures used on the
finished component.

For a given material and component geometry, the time taken for the growth of a crack to
critical size is a ftunction of the physical and chemical environment in which the component is
operating, as well as the sequence of load variations.","•,•n,- The chepilal environment is
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generally expected to have its predominant influence on the fatigue life of Type II Ntructural

components"3 by accelerating the rate of fatigue crack propagation (Fig. 6). Physically, however.
the environment determines the critical crack size (Fig. 7), for a given material and given
spectrum of service loads, through its influence on the temperature of the component. The
chemical environment may also have some influence on critical crack size, 7 but, in the usual
aircraft environments, this effect is probably of minor significance.

Corrosion protection systems are provided for Type It structural components, to prevent
general access of the environment to the components and the occurrence of corrosion which
might assist the initiation of fatigue cracks additional to those assumed to be present. However,
access of the environment to the cracks considered to exist at the beginning of service is assumed.

Because of the influence which the environment, in both its physical and chemical aspects,
may have on fatigue crack growth (and thus on the endurance of crack-tolerant structural
components), accurate definition of the spectra of component temperatures and environment
compositions is of basic importance to the adequate design and safe operation of Type II
structures. ' Currently, however, a simple definition of the expected common chemical environ-
ment, based on past general experience, together with minimum expected component temperature
is all that is usually given to the designer. An example of the environmental exposure of a particu-
lar structural component, defined in this way is given in lable I. Related fatigue crack propa-
gation rate data (da/dn VAK, See Figure 6) are used accordingly in the crack propagation
calcu•. Lions.

Complex load sequence/environment interaction effects are neglected. or considered to be
accommodated by a general conservatism introduced into the calculations. Component tempera-
tures, determined largely hy environment temperature in sub-sonic aircraft, are usually defined
simply as minimum value, conservati- ,y chosen with regard to fracture toughness and critical
crack size.

In the deterministic approach to the fatigue design of a crack-tolerant structural component,
the flight time (cilculated on the above basis) for the growth of the assmined crack from its initial
size to the critical size for the given temperature, and under a specified high load, in the service
load spectrum is the estimated fatigue life of the component. If the overall degree of conservatism
in the calculations is high, this life may be taken as the appropriate safe operating period between
scheduled inspections undertaken to monitor possible crack development in nominated critical
regions. More uca'ally, a period of operation equal to a half, or a quarter, of this time is taken
as the inspection interval. The factor of 2, or 4, is introduced to cover uncertainties in the life
estimation process. Possible unconsidered effects of the chemical environment on crack growth
are of particular relevance in this respect.

In the probabilistic approach to the determination of safe inspection ,ntervals, 34 the
probability distribution of initial deCect sizes, the variability of crack growth rates and the
probability distribution of service loads- "ind of critical crack 'nize and residual strength-are all
considered. The need for inspection and, thus, the Cre.c of in..r.ý'c~on or inspection intervals
are derived from the calculated risk of failure associated with :c.: r.:,,gres.ive increase in size of
the assumed crack and associated decrease in residual ý.tre ,,,b 0i . thi clifical load for a crack
of given size). Possible effects of the environment on the Ift!fguý. life or inspection interval,
through enhanced crack growth and varied critical crao4k sie tfracture toughness) or residual
strength, are included but, again, only in a geneini and approximate way.

3.2 Ground and Flight Tests and Service Monitoring

3.2.1 Ground (Laboratory) Tests

Full-scale and static fatigue tests are made for crack-tolerant, as for crack-resistant, structures
to:

(I) substantiate the design analysis.
(2) complement the analytical process of identification of fatigue-critical areas,
(3) verify the crack growth and residual strength pred:'tive procedures, and
(4) give a more comprehensive hnsc for mnalntenance planning and prescription of inspec-

tion techniques and procedures.
Simulation in the fatigue test of the full service spectra of variations or tWe chemical and

physical environment would give a more realistic test result. However, both the exact dotermlna-
tion of these spectra in actual :,;rvIce and their correspondingly precise simulation in the test
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laboratory on a large scale are largely beyond existing economic technological competence.
Consequently, the result of the fatigue test will inevitably be somewhat inaccurate.3'-"

An attempt may be made to account for possible deleterious effects of the environment by
applying a safety factor to the fatigue test result, on the basis of the judged unrepresentativeness
of the test conditions. Some experimental indication of the appropriateness of the factor, or that
part of it which relates to environmental influence, may be obtained from tests on smaller com-
ponents in ordinary laboratory air and in an environment simulating, to some degree, that to be
encountered in service.

3.2.2 Flight Tests

Flight loads survey, with the actual aircraft-type operating in a representative sample or
realistic missions, are necessary for the verification of the component load and stress spectra
assumed in the initial design of damage-tolerant structures, as for damage-resistant components.
Also, the sensitivity of the fracture toughness of the structural material (and, thus, of its critical
crack size and residual strength) to component temperature requires for Type I structures,
accurate measurement of temperature-time profiles to be attempted in the flight test programme.
Furthermore, because of the marked deleterious effect which the chemical environment may
have on fatigue crack propagation in Type 11 structures, there is growing acknowledgement of
the need for detailed assessment of that environment in the test programme.',Ma However,
as already noted, considerable technical difficulties remain to be overcome before environmental
monitoring can be adequately carried out, even in special flight test vehicles.

3.2.3 Service Monitoring

As for Type I structural components, a difference may exist between the aircraft service
assumed when designing Type II (damage-tolerant) components and the actual service
experienced by production aircraft of the given type. There is therefore a similar need to closely
monitor the load spectra to which Type I1 components are subjected in service and to confirm
or adjust the estimated safe inspection interval.3 6 Alternatively, the aircraft usage may be
changed to give a more acceptable rate of growth for the assumed crack. Again, as for Type I
structures, this process may be performed for groups of aircraft undergoing common service or
they may be a continuous estimate of fatigue, i.e. crack growth, for components in individual
aircraft whose service experience is unique.

The same difficulties of accurately and comprehensively monitoring the chemical environ-
ment exist for aircraft in service as for flight test aircraft. However, the larger service fleet and
the longer period over which they are kept under observation affords valuable opportunity for
indirect monitoring of the environment by the observation and recording of its general corrosive
effects.

3.3 Service Monitoring and Corrosion (Type II Components)

The effect of chemical environment on fatigue crack propagation is more fully understood
than its effect on crack initiation. 3

1
7 -4 ' However, as has been indicated, there is still a consider-

able lack of understanding of the effects on crack growth of the complex interactions between
the succession of variable component loads and the accompanying sequential variations in the
detailed constitution of the component environment. Thus, even if an accurate record of the
chemical environment of a structural component were obtained over a significant period of time,
reliably accurate estimates of crack growth in that time could not presently be made by a wholly
analytical procedure. (Testing of representative components in an environment simulating the
measured one, however, could give useful results-see Section 3.2,1.) Resort therefore, must be
made, for Type I! (and Type i) structures to indications from the corrosion monitoring process
in order to assess the aggressiveness of the environment and so to judging the appropriate factor
for use in calculating safe inspection intervals for Type 1I components (see Section 3.1).

The processes of observation, recording, and assessment of corrosion in the cours: of
scheduled structural inspections, and upon other opportunities, thus have a twofold purpose
in the case of Type ii structures (as for Type 1). On the one hand, the need for refurbihiment
or repair is established and, on the other, an Indication Is given of the appropriateness of the
factor used in the calculation of the intervals at which scheduled Inspection. are made (for
evidence of excessive crack growth).
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Specification of the areas to be inspected in the corrosion monitoring of Type II structures
(100,,, inspection not being feasiblc), and the formulation of the methods of inspection arc
functions of the maintenance planning process as for Type I structures.

Concern with deterioration of the corrosion protection systems in the inspection of Type I I
structures, in so far as it might affect fatigue performance, is related to the initiation of fatigue
cracks, during service, additional to those assumed toexist when service began. As noted in Section
3.1, the protective systems are assumed to be ineffective in preventing the chemical environment
gaining access to the pre-existing cracks.

4. INSPECTION FOR CORROSION IN SERVICE MONITORING OF TYPE I
AND TYPE I1 STRUCTURES (CORROSION MONITORING)

The inspection of structural components for evidence of corrosion; the determination of
the nature, extent, prevalence and precise locations of such corrosion as may exist; and the
recording and statistical assessment of the relevant data (i.e. the process of corrosion monitoring),
in the present state-of-the-art, have been identified as an essential part of the service monitoring
of both Type I and Type II aircraft structural ccmponents. Inspection and assessment of the
corrosion protection systems used for both types of components form part of the fatigue oriented
corrosion monitoring process only for Type I structures, where crack initiation denote- failure.

4.1 Relevant Characteristics of Corrosion

Corrosion 4 2 is a surface phenomenon in which the chemical composition of a material is
changed by chemical/electrochemical interaction and combination with one or more elements
of its environment. Physical effects of this process of relevance to the endurance of aircraft
structural components42,43,44 are (Fig. 8):

(I) One- Dimensional, Local Irregularity
--Local pitting (pitting corrosion, crevice corrosion)

This effect predisposes the material to the initiation of cracks by the stress-dependent
processes of fatigue and stress-corrosion cracking.

(2) Two- Dinensional Discontinuil '
-General surface roughening (uniform corrosion, filiform corrosion, fretting

corrosion)
-Intergranular and transgranular cracking (corrosion cracking, stress-corrosion

cracking)
Surface roughening also predisposes the material to the initiation of cracks by fatigue
(and stress-corrosion cracking).

Cracking of the listed kinds, which in severe form may in itself cause a significant
reduction in component strength, constitutes a nucleus for crack growth by fatigue and
thus comprises, in effect, the initiation of a fatigue crack.

(3) Three- Dimensional Bulk Reduction
-Larger scale transformation of metallic material (galvanic corrosion, exfoliation

corrosion)
Extensive reduction in bulk of the material comprising a structural component, with
associated decrease in material cross-section and consequent decrease in stiffness and
strength. (Corresponding increase in stress, for given load and in strain.)

4.2 Corrosion Protection Systems and Corrosion Monitoring

Measures taken by aircraft designers and manufacturers to prevent corrosion include the
selection of material of low susceptibility 4 ' in the given environment; avoidance of detrimental
galvanic combinations of material; and the avoidance of structural geometries conducive to the
entrapment and retainment of fluids. Generally, however, the application of approrriate cor-
rosion protection systems and procedures to the structural materials is of principal importance.
All of these measures, and particularly the last, are of relevance to the purposeful planning and
execution of the corrosion monitoring process.

Corrosion protection- the prevention of the interaclion of a reactive environment with a
sensitive structural material- is achieved in aircraft, where water is of primary importance, by
(see also Figure 9)

(I) Exclusion of moisture by physical barriers, i.e. surface films (inorganic and organic),
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electrodeposited coatings. chemically reacted coatings, jointing compounds, scaling
compounds. anti-fretting compounds, water-displacing compounds, etc.

(2) Preferential electrochemical (anodic) sacrifice of electrodeposited metallic films.
(3) Chemical passisation of'surface layers of the base metal and chemical inhibition of the

corrosion process through the presence of coatings of inhibitor.

Gradual deterioration of corrosion prctection systems occurs with time, under the effects

of the ph',sicai and chemical ensironment and of the normal stresses and strains of service.
Accidental mechanical and other, damage may also be a cause of deterioration. These processes,
tocether w4ith inherent deficiencies and inadequacies in the protection s,,.stems corresponding to

the current state-of-the-art. may lead to at least the beginning of corrosion. In many instances
onset of corrosion i,' ac,:ompanied, and thus marked, by an acceleration or concentration of the

processes of deterioration of the protection system. The detection and assessment of such
effects, during scheduled, or unscheduled inspection or those carried out on an opportunity
basis, is part of the corrosion monitoring process. As already discussed, awareness of this kind
allows a more appropriate adjustment. to account for possible environmental influence, to he
made to the expected life for w~hich a Type I component can be operated in the uncracked
condition-

The detection and assessment of evidence of corrosion protection s).stem deterioration or
inadequac) is part also of the corrosion control process. Maintenance of the integrity and
adequacy of the protective coatings, films, etc., which are used to separate the susceptible
structural material from the corrosive environment, or to otherwise prevent or inhibit corrosi%,e
reaction, is achieved by frequent inspection and assessment supplemented by washing. cleaning.
restoration and refinishing. These activities, and the inspection for, and removal of. any corrosion

which might have occurred, followed b. repair (reinforcing) of the structural material and testo-
ration, perhaps with modification, of the protection systems is usually all that can be done to
prevent or minimize corrosion of the structure of an aircraft after it enters service. For a given
aircraft (i.e one for which the materials of construction have been selected, the structural com-
ponents designed and the corrosion protection systems specified), the above procedure comprises
the essential process of corrosion control. It- in turn. is part of the general maintenance process.

rhis subject is not discussed further in thi,; paper.

4.3 Inspection, and the Accessibility of Surfaces

Because corrosion is a surface phenomenon, its detection and assessment is most readily
and accurately carried out when the inspector has direct access to the surfaces of the component.

Similarly, because corrosion protection systems are applied to the surfaces of concern, their
inspection is greatly influenced by the accessibility of the component surfaces."

Potentially, corrosion may occur at any surface and the surfaces of the components of
aiicraft structures hac various degrees of accessibility. The accessibility of a given surface thus
largely determines the particular corrosion monitoring procedures which are followed. Four
classes of surface accessibility may be identified (Table 2) with respect to the in situ inspection of

structural components, viz:

(1) Direct Access which allows the inspector to examine the surface visually at close range,

to bring to the surface various inspection devices and materials, and to conduct at the

surface a variety of non-destructive inspection procedures.

(2) Indirect Access. Class I where inspection of the surface of interest can be made only
through the medium of the component material itself. Visual examination is not possible

and only a limited number of other NDI methods are applicable, with larger component
section thickness further limiting that number.

(3) Indirect Access, Class 1I, where the inspection must be carried out through the medium
of one intermediate material, which is solid but may or may not be metallic.

(4) Indirect Access, Class II, where the inspection must be carried out through the media
of two or more intermediate materials, one or more of which may not be metallic and
may even be gaseous (air). In the latter case, applicable inspection methods are severely
limited

Direct Access and Indirect Access, Classes I and II may be achieved via specially-provided
access hatches for components which otherwise would be of Indirect Class I11. Limited Direct
Access may also be avnilable through fortuitously positioned openings of restricted size.
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Where there is only indirect access, of one class or another, accurate idintification of the
kind of corrosion which has occurred, and assessment of the extent and degree of damage, often
initially requires some destructive disassembly and examination for at least one structural unit.
On the basis of this investigation, the fleet maintenance procedures for corrosion damage
detection, removal or repair and protection system restoration are established. Subsequent fleet
inspection is done with minimum disassembly and destruction. Repair, restoration, and replace-
ment generally require, however, more extensive disassembly; sometimes, destruction (and hence
repair or replacement) of undamaged structural sections adjacent to the corrosion-damaged
region is necessary.

4.4 Inspection Methods used in Corrosion Monitoring

Corrosion monitoring has been defined as the process of component inspection conductcd
to detect, identify and assess corrosion of the structural material and'or deterioration of cor-
rosion protection systems applied to such material. More specifically, the immediate purposes of
the monitoring inspection may be stated as:

(I) Detection of any surface-connected inhomogeneity or discontinuity, and/or surface

irregularity of significant dimension.
(2) Identification of the inhomogeneity, discontinuity or irregularity as corrosion of a

particular form and/or as the effects of deterioration of the corrosion protection system.
(3) Assessment of the degree (the extent and severity) of the corrosion damage and/or

protection system deterioration.
The non-destructive inspection methods appropriate to these tasks are determined by the

accessibility of the surfaces of interest and b) the nature of the information required.
A classification of surfaces on the basis of accessibility for inspection has been given in

Section 4.3 and Table 2. NDT methods commonly used in corrosion monitoring of aircraft
structures, or which presently seem to be of significant promise-o 50 are:

(I) Visual Examination -Direct
Replica

(2) Radiography -- X-ray
Gamma-ray
Neutron

(3) Penetrants--Liquid

Radioactive gas

(4) Magnetic Particle--Conventional
Magnetic rubber

(5) Ultrasonics

(6) Eddy Currents

(7) Thermography--Non-contact

(8) Acoustic Emission

Table 2 lists the applicability of these NDI methods for the given classifications of accessi-
bility of component surfaces of interest in aircraft structural corrosion monitoring. More than
one inspection method is applicable to each class of surface, but not all methods can be used in
each case. For example, magnetic particle inspection is applicable, of course, only to magnetic
materials; moreover, its use is limited to the detection, and assessment, of corrosion damage
in the form of cracking. Table 2 also lists the judged adequacy, in the present state of development,
of the non-destructive inspection methods nominated for each of the surface classifications with
asspect to the detection of corrosion, its identification, the assessment of its severity and the
resessment of its prevalence. The performance of an NDI method, may be affected by numerous
factors, some of random influence; comments on these are included in ,he table. However,
generally, the capabilities of the operator, which depend largely upon his t:,per:-nce, under-
standing and diligence, are considered to be most important.

5. DISCUSSION AND CONCLUSIONS

Corrosion monitoring is one of several distinctive monitoring processes which may be identi-
fied in the general area of the service monitoring of aircraft structures.
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These processes arc: Flight Load Monitoring
Fatigue Life Monitoring

Fatigue Damage or Usage Monitoring
Environment Monitoring

Corrosion Monitoring
Maintenance Monitoring

Ideally. in estimating the fatigue life of aircraft structural components or the fatigue damage

the,, ma) have incurred. exhaustive reference should be made to the full record of environmental
conditions experienced in service. However, as has been slated, neither the means for economic
and precise acquisition of the basic information nor its subsequ,:n. analytical treatment are yet
available. Similarly, determination of the fatigue life by a programme of laboratory testing
stil-ers from the same lack of relevant basic information, even :f it were available, the very con-
siderable cost in achieving an accurate simulation of the environment may limit its application.

Corrosion monitoring - that is, the detection, identification and assessment of the corrosion

land deterioration of the corrosion protection systems) which occurs in in aircraft structure--
has a twofold purpose, one part of which, in the present circumstances, is directly relevant to the
estimation of fatigue life or damage. It is undertaken mainly, however, to reveal where and how
action should be taken to prevent further corrosion. In this way, corrosion monitoring con-
tributes to the process of corrosion control. At the same time, it may provide a data base (in the
form of statistical records of the incidence, nature and extent of corrosive effects, and of corrosion
protection system deterioration), from which an intuitive assessment of the aggressiveness of the
env ironment to the given materials and its probable influence on fatigue crack initiation and

growth may be derived. Using this assessment, an adjustment may be made, where necessar,, to
the estimate of fatigue damage accumulated in a given period of service, or of the expected safe
life of a component, or of the period of service which may be safel% performed between inspec-

tions In both these ways, corrosion monitoring contributes to the maintenance of the airworthi-
ness of the structure and to the optimization of its usage.

Clearly,. adequate monitoring of aircraft structural corrosion is highly dependent upon
effective inspection methods and procedures. The planning and execution of a satisfactory cor-
ro,,ion inspection programme, however, may be a diflicult and costly task. Aircraft structures
are generally complex. and the surfaces at which corrosion ma), occur are often highl) inacces-
sible. Furthermore, corrosion often occurs at unexpected locations, usually as the result of some
factor not considered in the design or in the maintenance planning. Accidental damage to a
corrosion protection system during assembl% of the structure is a common, random, causal event.

Presently. the achievement of satisfactorily effective, and acceptably economic. monitoring
of the corrosion of aircraft structures depends largely upon improvement of ND1 capabilities.

In this respect, for example. the potential of the acoustic emission inspection method appears to
be .erm high. s There is also an important need for imaginative development, in the context of
maintenance planning, of general programmes and procedures of corrosion monitoring through
and in which the inspection techniques are applied. There appears to be a particular need in this
connection for a greater cognisance of the numerous and various factors which determine the
effectiveness of the environment in causing corrosion of structural components. Of special sig-
ficance in this regard are the inherent inadequacies, the instability and the vulnerability of the
measures taken by the designer/constructor to protect the structure from corrosive processes,
and the influence which the fabrication and assembly processes may have on their eventual
effectiveness.
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TABLE 1

Environmental Exposure Data for Given Structural Component

Environment Flight time Ground time
0'1 0,

50-70V.' relative humidity - 35 2
75% relative humidity 45-8 -
75-100%' relative humidity - 34-I
Condensation 3.7 19-7
Rain 0-7 11.0
Dry air 49-8 -

Reference 32.

2
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TABLE 2-couhumed

Inspection methbd General comments

Visual Adequacy of method highly dependent upon knowledge and experience
of operator- Fo" Indirect Access, Class 11, where intermediate layer
is non-metallic, effectiveness of method may depend upon fortuitous
effect, such as blistering of paint film, caused by corrosion of under-
bying metal,

Radiography Ideally ?% variation in thickness can be detected with X-radiography
but generally the technique is limited to "coarse filter" type perfor-
mance. All radiographic methods are influenced b% the prewnce of
such materials as p-tints, sealants. corrosion products and dirt-
Neutron radiography is particularly sensitive to hydrogeneous
materials. such as corrosion products-and paints, sealants, etc.

Penetrants Successful use of liquid penetrants for corrosion cracking, strres cor-
rosion cracking and corrosion fatigue cracking depends upon the
cracks being free from corrosion products and other filling.

Magnetic particle -Sometimes a useful sensitivity can be achieved to corrosion cracks under-
I l)ing paint films--particularlv with the magnetic n 'b-,er technique.

Ultrasonics The adequacy of ultrasonics in corrosion monitoring and other fields, is
highly dependent upon the knowledge, experience and skill of the

opeator.

Eddy currents Affected by a number of factors; therefoie there is an important need
for the use of accurate reference standards, with constant careful
standardization of equipment.

Thermography Affected by a number of factors, with consequent need for careful
exploration of the actual suitability of the method in each case where
its application appears possible.

Acoustic emissioa Sensitive to the low-level energy release which accompanies the cor-
rosion pcocess. The potential of the method is considered to be very
high, for numerous applications, and it is current!y the subject of
much development effort.
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Scanning electron microscope photograph of crack Metallographic section through
surface showing corrosion pit "A" and fatigue. corrosion pit showing assoc~iated
markings "'"fatigue crack.

FIG. 1. FATIGUE CRACK ORIGINATING AT A CORROSION PIT IN AN ALLIMINIUM
ALLOY Al RCRAFT STRUCTURAL COMPONENT

Failure corresponds
to growth of crack
to critical size.

S~Critical crack

Type 11•
component

(initial defect Type I
present.) • component

/ 'J (no initialdefect

Load cycles, N.

FIG. 2. SCHEMATIC REPRESENTATION OF FATIGUE CRACK DEVELOPMENT
FOR COMPONENTS (TYPE I AND 11 ) WITH DIFFERENT INITIAL
DEFECT CONDITIONS.
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M Pa ksI

1168 170

1099 Dry air 160
••_= 30 Hz

Sires; 1030 150
S

961 140S~Air 93% RH

•, 25" C

892 Low a!loy U.H.S_ steel 1 30
(ref. 12) 

/(Sche 
atic)8 2 3 .. . .. ... ..1 12 0

104 105 10J
Cycles to failure, N

(a) S-N FATIGUE DATA FOR HIGH STRENGTH STEEL SHOWING EFFECT
OF AGGRESSIVE ENVIRONMENT ON FATIGUE LIFE.

Crack size.
a.

(Environment) (No environment)

Cycles. N.

(b) SCHEMATIC REPRESENTATION OF EFFECT OF AGGRESSIVE
ENVIRONMENT ON TIME TO FATIGUE CRACK INITIATION AND
SUBSEQUENT CRACK GROWTH IN TEST SPECIMENS REPRESENTING
TYPE I STRUCTURAL COMPONENTS.

FIG. 3 EFFECT OF CHEMICAL ENVIRONMENT ON FATIGUE PROPERTIES
OF AIRCRAFT STRUCTURAL ALLOYS.
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Surface crack
Two dimensional (e.g. Corrosion cracking),

discontinuity

Surface roughening
(e.g. uniform corrosion)

One dimensional
local irregularity

(e.g. pitting corrosion)

S~Three dimensional

bulk reduction

(e.g. gross galvanic corrosion)

FIG. 8. SCHEMATIC REPRESENTATION, IN DIMENSIONAL FORM, OF PHYSICAL

EFFECTS OF CORROSION ON AIRCRAFT STRUCTURAL MATERIALS.

1/7// Structural material

* Fastener material

-• Passive surface layer

S_ _IIiil Corrosion -inhibiting

primer paint film.

)QyX Impervious top paint-coat.

Moisture-excluding,
corrosion-inhibiting
sealant layer.

FIG. 9. SCHEMATIC REPRESENTATION OF TYPICAL CORROSION PROTECTION

SYSTEM USED IN AIRCRAFT STRUCTURAL ASSEMBLY.

250



Low alloy U.H.S. steel
(ref. 40)

10-3 Argon
90% RH
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FIG. 6. EFFECT OF AGGRESSIVE ENVIRONMENT ON FATIGUE CRACK GROWTH
RATE OVER MEDIUM RANGE OF VALUES OF STRESS AMPLITUDE.

110 1

88WWith ac Critical
crack size

/_4 j J oa Appliedsrs

KIC 66 stress

MPa. m A

44 __

22

Low alloy U.H.S- steel
(ref. 32)

0 1 I I

-02 -40 -18 4.5 27 49 71 930C
(-so -40 0 40 80 120 160 2W0F)

Temperature

FIG. 7. VARIATION OF CRITICAL CRACK SIZE. EXPRESSED IN TERMS OF

FRACTURE TOUGHNESS, WITH TEMPERATURE.
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Degree of corrosion
observed in inspection.

Service life (flight time & ground time).

FIG. 4. SCHEMATIC EXAMPLE OF REPRESENTATION OF STATISTICAL DATA ON
OCCURRENCE OF CORROSION IN STRUCTURAL COMPONENT-

1*0
Probability

of
detection

p Max- acceptable probability of crack of
AI given size being missed, i.e. being present

1 and able to grow to critical size within

required service life time.
INDI methods A and B satisfactory.
method C unsatisfactory forthe given

l application.

Crack sizea a

FIG. 5. NON DESTRUCTIVE INSPECTION AND CRACK DETECTION PERFORMANCE.
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DISCUSSION

QUESTION -B. R. Jackson
(Royalt Melbourne Institute of Teebnology)

Has ARL done any research on the effects of corrosion preventative compounds (penetrants)
on the fatigue properties of riveted components?

Author's Reply

Work has not been done at ARL on the effects of corrosion preventative compounds of
the penetrant type on the fatigue properties of riveted components. However, a comprehensive
investigation is in progress at ARL on the fatigue behaviour of bolted joints of aluminium alloys,
titanium alloys and high strength steel alloys in the "dry" condition and with one of two water-
displacing corrosion-inhibiting liquids applied to the joint surfaces.

RAE, Farnborough, have done work on riveted aluminium alloy sheets to which similar
corrosion-inhibiting liquids have been applied. The reference to this work is:

O'Neill, P. H., and Smith, R. J. A Short Study of the Effects of Penetrant Oil on the Fatigue
Life of a Riveted Joint. RAE Technical Report 73174. 1974.

QUESTION-G. E. F. Young
(Anseti Airlines of Australia)

In your viewgraph of aircraft monitoring, should not an item be included for production

monitoring?
We have had examples of: Incorrect bushing of holes,

Incorrect drilling or de-burring,
Incorrect plating process (non-baked), etc.

Author's Reply

The processes of quality control and quality assurance as applied during aircraft construc-
tion are monitoring functions which may be denoted by the general term "production"
monitoring proposed by Mr. Young. This monitoring task would properly be included in a
comprehensive list of all the monitoring activities the performance of which is of relevance
to aircraft structural life. However, since this monitoring is undertaken before the service life
begins, it is not properly to be classed as part of the service monitoring. (Where such procedures,
e.g. the bushing of holes, are carried out as part of the maintenance function, during the service
life of the aircraft structure, then the monitoring of these procedures is part of the maintenance

monitoring process, which in turn is part of service monitoring considered in the broader

connotation.)
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NDI AND THE DETECTION OF FATIGUE

by

I. G. SCOTT

SUMMARY

The problems of monitoring fatigue cracks by NDI are discussed and recent develop-
ments in the methods and techniques are reviewed. Three aspects of work at ARL are
considered in some detail, viz.

(i) the part played by the operator in NDI,
(ii) applications of acoustic emission to fatigue studies,

and (Wi) future trends in NDJ.
Some new philosophies in fatigue resting are also considered.
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1. INTRODUCTION

A fatigue crack is usually tightly-closed, multi-branched and open to the surface; it may or
may not be associated with corrosion. Dangerous fatigue cracks can be very small and difficult
to find. Various NDI techniques are available which permit rapid scanning of a suspect area;
all use some form of crack enhancement.

Although direct methods of examination (e.g. hand lens or microscope) can be used to find
small defects, these methods are likely to be very time-consuming. As well, they are inapplic-
able to hidden surfaces. Consequently various indirect methods are used-these include
penetrant, magnetic particle, eddy current and ultrasonic methods. In all cases, the presence of
a crack is enhanced by some means--in penetrants, by the concentration of fluorescent chemicals
in the region of the crack, in magnetic particle and eddy current techniques, by the distortion of
a magnetic field and in ultrasonics, by the amplified echo of a sound wave reflected from the
defect.

Although a great deal of time in Materials Division, ARL, ;s spent in direct application of
NDI to specific problems, the importance of research in NDI has not been overlooked. For
example, the development of fracture mechanics has increased the need to know more than just
the presence and location of cracks. Hence, an active research programme is maintained wherein
improvements to existing techniques and the developing of new techniques are being studied.

This paper first considers current methods of monitoring fatigue cracks and the significance
of the operator with regard to the reliability of crack detection. The development of acoustic
emission for detecting and monitoring cracks is then discussed, and future trends are reviewed.

2. MONITORING THE PROGRESS OF FATIGUE CRACKS

The progress of comparatively large fatigue cracks can be monitored fairly easily. Most of
the common ND! techniques can be used, although simple radiography is fairly insensitive
unless shapes and directions of cracks are known. The extremities of cracks can be located with
reasonable accuracy and the sub-surface depth estimated by studying specimen shape and
conditions of loading. Cracks are sometimes opened by application of a suitable directed load
with consequent enhancement of detection capability. Cracks under the heads of fasteners are
harder to locate. Ultrasonic techniques in which the transducer is rotated round the bolt head

;i..ht i paed trinn; 11,cer at r', are employed, have been used but they have not been par-
ticularly popular. If the fastener can be removed, then the magnetic rubber technique can be used
to obtain a replica of an internal defect-provided that the specimen material is magnetic.

A simple surface-wave technique can be applied to map accurately crack-front geometries
for a propagating crack. Ho el al.' used a plastic wedge to generate surface waves from a
compression type PZT transducer, at the comparatively low ultrasonic frequency of about
0.5 MHz. Whittingham2 describes an electronically switched linear scanner, comprising 39
piezo-electric elements of which four contiguous elements are in use at any instant. Reed relays,
activated by the initial ultrasonic pulse, are used to advance the four-element array, one element
at a time. The simultaneous use or four elements helps to smooth out variations in element
characteristics and provides a narrow ultrasonic beam. Griffiths et al.3 found that by moving
a transducer in discrete steps and suitably processing the read-out, a synthetic phased array could
be built, which was much cheaper than conventional phased arrays. Up to 60 elements could be
synthesised. Sugg and Kammerer' described an on-board ultrasonic structural surveillance
device used to monitor structural areas for fatigue-crack growth. The system sequentially pulsed
and interpreted echoes from 10 transducers using a multiplexer. Transducers were bonded
permanently in carefully chosen locations on the test structure,

Although ARL has always made extensive use of electrical strain gauges little use has been
made of these resistance gauges as fatigue monitors. Provided the gauge and crack front can be
suitably aligned, individual elements extend and are broken as the crack front passes beneath.

- Special gauge shapes and hardened foils are often used in this application. Harting' used a
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gauge made from a fully annealed constantan foil which progressively work-hardened when
subjected to cyclic strain and underwent a change in resistancp. Large permanent changes in
resistance were noted, which related to the integrated load-Frequency history or the gauge, but
difficulties were experienced in calibration. There were also problems in matching gauges to
chosen materials but Kowalski6 claimed that use of a dual element gauge overcame many of
the matching difficulties. As well, Hailing's gaugc becomes unreliable once a crack starts either
nearby in the specimen or within the gauge itself. Blackburn' used these gauges in cornrarative
tests on a group of fighter aircraft Dally and Panizza' have proposed the use of conducting
polymers (graphite particles in an epoxy matrix) to replace the foil, and claim that a greatly
increased strain range results.

In situations where growing cracks are accurately located (e.g. in single-edge-notched

specimens), their progress can be monitored by means of electric potential methods. These
methods are readily applicable to laboratory specimens of regular nhape, but not to large speci-
mens or those of irregular shape (e.g. aircraft components). Furthermore, the attachment of
electrodes (both current and potential) is made by a variety of surface-damaging means
(including welding) which would not be permitted on aircraft. Theoretical analyses of potential
methods are confined to specimens of regular and simple shape and have been confirmed expcri-
mentally. Users prefer to adopt experimental calibration based on simulated cracks (e.g. saw
cuts) However, it is agreed that the method is sensitive largely to geometrical effects and is
independent of variations in material parameters such as chemical composition. heat treatment,
etc. Sensitivities are adequate and similar to those obtained by the best NDI methods There
are obvious problems with crack branching, the formation of multiple cracks and non-linear
crack fronts. Scott' reviewed the method in 1969 and Clark and Knott' 0 in 1975.

3. THE OPERATOR AND NDI

It is one thing to find fatigue cracks in critical areas in aircraft under field conditions or
quite small cracks in laboratory specimens undergoing testing. It is an entirely different matter
when NDI operators are called on to find defects of unknown si7e and location under normal
operating conditions In such situations, the human operator becomes an element in a system
which includes the chosen technique, the available equipment, the size and location of the
crack and the working conditions.

The operator works under varied conditions he may find the suspect surface is rcadils
accessible or it may be hidden under layers of grease, corroding plating or flaking paint. He may
be able to make measurements seated at a bench in an air-conditioned room or be called on to
work on the tarmac or the hangar floor, frequently in a confined space. Most in-service fatigue
cracks propagate from stress raisers, which usually occur in the most complicated parts of a
structure. The need to find defects tinder the heads of fasteners has already been mentioned. In
short, the operator may be given a difficult task and be expected to carry it out under difficult
conditions. It is not surprising that his performance is variable.

Techniques and equipment are sometimes chosen for some non-technical reason (e.g.
cost or availability of more suitable equipment) but, in most cases, suitable equipment is used.
Provided equipment and technique are correctly applied, crack detection capabilities are
probably adequate. However, some modern aircraft materials arc quite intolerant of even small
defects, and, with increasing application of philosophies based on fracture mechanics, some
aircraft are permitted to fly with known propagating cracks. Consequently, it is no longer
permissible to be vague about crack detection capabilities.

3.1 The Dhi••nstic' Nature or NDI

The NDI operator is called on to use equipment selected by someone else and to follow
clearly defined instructions. He is required to undertake an important job but one which is
likely to be quite tedious. Operator training usually comprises a short high-pressure course on a

0 The diagnostic method of measurement is foreign to those of us who are used to dealing
with measurements whose scatter can be described by a Gaussian or normal distribution.
Herein, by making a large number of measurements, all of which are assumed to carry equal
weight, it is possible to state not only the measured mean but also the measured spread and to
predict the likely spread in later measur.ments.
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very restricted subject. Often test results wil; simply be handed on to a senior officer for analysis.
In the absence of feedback of results, the operator has no way of knowing whether he is doing
a good tor a bad job. Operators rarely come from profcsstonai ranks: they are often drawn
from tradesmen who for some reason wish to change their field of work.

Partly as a consequence of this background and partly as a result of the nature of his work,
the N DI operator adopts an unusual approach. Instead of making equally weighted measurements,
excessive weight is given to the finding of a defect. A large number of unsuccessful attempts
may be made to find a defect in a suspect area. However, immediately an indication of the
presence of a defect is found, these earlier results are discarded and effort is concentrated on veri-
fying what is now assumed to ýe a discovered defect. In some cases this may be done by using
an entirely different method of NDI.

3.2 Crack Detection Capabilities

The effects on operator performance of nearby disturbances, an unhappy marital situation
or the degree of importance of the task are likely to be quite considerable, but these lie in the
realms of the psychologist or the human engineer. At ARL, other important factors have been
identified Ahich influence performance and which can be measured.

A series of tests was conducted at ARL to determine the ability of an operator to detect a
defect in a laboratory specimen (Chin Quan and Scott"'). Plate specimens (SOX. 50,ý 13 mm)
were prepared, in each of which a fine slit was made about 13 mm from one corner. The ranges
of slit sizes were different for the eddy current and utrasonic techniques but generally conformed
to "readily detectable" to "too small to detect". The probe and instrument setting remained
constant for a test series, in the course of which up to six operators each made over 100 attempts
to find the artificial defects: the operators were unable to see the defect which was covered in
tape. Twelve specimens "a ere used. two of 'A hich were free of defects and were designated controls.

Specimens were presented to the operator in a random manner, until 10 readings had been
made on each specimen.

In retrospect. many of the results were not surprising. Most operators had no difficulty
in scoring 10 10 for large defects and 3 10 for small defects. For intermediate-sized defects,
the scores fluctuated. IHoweser, there were a few "false alarm errors", i.e. claims to finding a
defect in a control specimen. These seemed to come mainly from experienced operators. There
was also some evidence of learning during progress of a test. Differences between the two tech-
niques were mainly evident over the range of smaller defects. Using ultrasonics, the operators
were quite definite in their inability to find small defects, whereas with eddy currents there was
some doubt. Tests on the operator's ability to measure crack size, which is so important in
modern NDI applications, were partially inconclusive. Although most operators were able to
sort specimens into the correct order on a size basis, absolute size measurements were consis-
tently high. Various factors could be defined but no single factor could be used to quantify
completely operator performance.

Packman' 2 conducted tests using specimens containing fatigue cracks and obtained similar
results. Individual operator characteristics were similar but magnitudes of factors differed.
However, his work was of major importance because it was extended and applied to real
situations.

3.3 The Use or Confidence Limits

By quantifying the performance of the operator, a statistically based detection capability
can be determined and used to ensure an increased reliability of NDI. Consequently, a fracture
mechanics approach can be developed and efficient aircraft usage can be maintained (O'Brien
el al."3). Klassi" showed how these ideas could be applied to both construction and mainten-
ance of modern high performance American aircraft.

In operator testing, detection sensitivity is frequently defined as the number of defects
found expressed as a percentage of the number of defects known to be present, i.e. the probability
of detection of a defect (P). In a binomial experiment, where n is the sample size, the probability
of missing a maximum of r defects is the sum of the first (r-r-I) lerm- of the expansion of
(P+ Q)4, where Q is the probability of a failure. A confidence limit c can be introduced, where c
is the proportion of succeeding trials with which a probability of P or better can be associated.
It can be shown that to achieve a 90% probability at 95. confidence level, no misses are allowed
in thirty tests. Similarly, if 90%' of defects are found, then if batches of the same size are tested.
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the probability of finding defects is 79",, with a confidence level of 95'",. (False alarm errors
are sometimes simply treated as failures. Davidson" showed how these errors could be :reated
separately using a Bayesian approach. The added complication is usually considered unnecessary.)

Consequently, it is now possible to licence a factory or an operator in a quantitative manner -
despite the use of a diagnostic approach to measurement. T-his represents one of the major

developments in modern NDI with which ARL has lad some associatio .

4. ACOUSTIC EMNISSION

Few new concepts in recent ,ears have received practical application in NDI. but one has

been acoustic emission (AF)-* The emphasis prevalent in other NDI techniques. on first finding

defects and then analysing their importance has shifted to the immediate identification of

malignant defects. AF is another modern technique of NDI which has been under ituNy at ARL

for some time, and is currently being evaluated and used.
Early attempts elsewhere to apply AE to fatigue studies met with mixed success. Urinotched

titanium alloy specimens produced no significant AE until failure was imminent. Shinaishin

et al." claimed that this was a material characteristic, but were able to estimate the area of a

fatigue crack from AE measurements on individual notched speciniens. Hutton ' ' tested speci-
mens made from a high nickel alloy and a steel, and claimed that all three materials behaved in a

similar manner. Peaks in the AE count rates were explained in terms of micro-crack initiation,
the start of final failure, etc., and it was concluded that AL pro, ided "a measure of remaining

fatigue life in a given test specimen or component".
Tests on boron-aluminium and boron epoxy composite materials were conducted by

Williams and Retfsnider. " Confusion resulted in earl% tests because inadequate instrumentation
permitted fretting noises and AL to be measured together Eventually, an excellent correlation

between damage and total AE counts was established. In contrast. Fuwa ei al." used AL to
establish that true fatigue processes do not apply, for carbon fibre reinforced plastics and that

fatigue deterioration is similar to that induced by tensile loading. In a typical low cycle test. no

AE were recorded until the stress level exceeded 10 20'o of the tensile fracture strength and
further emissions only occurred when the load approached the maximum lcel reached in the

previous cyclc. No AL appeared during the unloading portion of the ccle and evcntuall. the
sample became silent. However. a fatigue limit was established belo, which no damagd occurred ;

this was not based on the size of a measured defect but only on specimen behaviour under pro-

longed cyclic loading.
It was not until the importance of certain instrumentation requirements %,;s realiscd that

consistent results from AL testing were obtained. A gating technique %,as used to disable the AL
system during those parts of the load cycle where machine noises were prevalent (Egle er 01.20).

Consequently, results were expressed as count rates per load cycle. In addition, testing-machine
noise could be reduced by inserting high impedance joints in the noise path and using flexures

rather than pins. Cross-correlation techniques are used either on the recorded results (Ono

et al. 2-) or are applied during testing. (Smith and Morton2 
2 multiplied electronically the outputs

from two transducers located equidistant from a growing crack. After further electronic con-

ditioning very good rejection of spurious signa!, was achieved.) Crack closure AE %as also

identified. This type of emission reached a maximum for low maximum-to-minimum load

ratio (R); for high .R (>0-5) crack surfaces tend to keep apart, signals are smaller and tend to
vary. Hence, crack closure AE can be identified by its dependence on R or its effects eliminated

by proper choice of gating times.
It has been shown already that different materials produce different AE under fatigue

loading. Morton et al.
2
' conducted tests on 2024-T851 aluminium alloy specimens and a single

magnesium alloy specimen. The AE from the latter specimen was much greater than that from

the aluminium alloy specimens. The primary deformation mechanism for magnesium alloys is

twinning, whereas that for aluminium alloys is slip. Twinning processes are generally far noisier

than slip processes. However, it was concluded that "the generic behaviour of AE of fatigue

cracking is insensitive to" loading frequency variation (over the range I to 16 Hz and R ratio

variations from 0. 1 to 0-51. Harris and Duinegan 2 tested 77.'-T6 aluminium and 4140 steel.

AE refers to the detection and analysis of the stress waves resulting from extremely small

energy redistributions within a specimen. These redistributions may arise from yielding, twin-

ning, corrosion, etc.
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finding zhat "data obtained at various band passes and gain settings did not show any large
qualitative difierences".* Hence, it was implied that the in-service testing of structures in hostile
environmerts should be practicable. The AE rate per cycle was variable, from which it was
deduced that crack growth was irregular. This result emphasises the need for continuous rather
than sampled collection of data.

It can be demonstrated that the AE count rate (dN/dn - AE counts per cycle) during
cracking is a function of the applied range of stress intensity AK. This is given by

dNSC,(AK) C2
dn

where C1 and C, are constants which change somewhat with load frequency, R and markedly
from material to material. Attempted development of this simple approach generally fails.
Morton et al. propose the addition of two terms-a term dependent on R along with a term
dependent on both K, (critical stress intensity factor) and K,. (maximum stress intensity factor).
Harris and Dunegan prefer to introduce material specimen constants in the form of elastic
modulus and specimen thickness. Clearly, an entirely satisfactory model has not yet been
developed. Nevertheless, it is still possible to get many cycles warning of impending failure
because the AE rate increases dramatically as failure approaches.

Developments in instrumentation are now permitting the application of AE to complex
structures. Bailey and Pless2 5 have conducted preliminary tests confirming that fatigue cracks
growing from rivet fastener holes in an aircraft structure can be located and their progress moni-
tored. Pollock and Smith 2 6 have monitored a military bridge during proof loading, in the course
of which various noise paths were identified.

The concept of proof testing is relatively new, although it provides some of the earliest
applications of AE (see e.g. Schofield 27 on pressure vessels). Corle and Schliessmann28 have
shown how AE, from specimens containing fatigue cracks of various sizes when loaded in tension,
was characteristic of the material on a counts basis and was found to increase with increasing
size of defect. Flaw-detection capabilities were claimed to be much in excess of those for conven-
tional techniques. Dunegan, 29 in an excellent review article, describes how periodic overload
testing can be conducted. Assume a structure ccntaining a defect is loaded to a given magnitude
and the AE during loading is measured. After a period of service, a malignant defect can be
expected to grow and consequently on reloading the structure to the original magnitude, there
will be an increase in the stress intensity factor. Consequently AE, dependent on stress intensity
factor, will be observed. If no defect is present, or the crack has not grown, there will be no
measureable increase in AE. It is possible, by making a number of simplifying assumptions,
to determine the number of fatigue cycles at working load in terms of the AE observed during
periodic overload.

In summary, AE can be used in three ways:
(i) to locate and follow the progress of a crack without providing indisputable evidence

about crack size;
(ii) to follow the progress of a specimen or structure towards partial or complete failure

without necessarily providing very much information about defect size; and
(iii) to differentiate between flawed and unflawed structures subjected to proof loading.
Work at ARL has been confined so far to assessing the potentialities of AE in following

crack propagation in complicated structures. A load-operfuted gating technique has been used,
crack-closure effects have been observed and the increase in signal strengthb close to failure has
been compared with crack extensions measured by other techniques. A continuing programme
is planned.

5. NEW CONCEPTS IN NDI AND FATIGUE

It is highly likely that the plastic zone associated with even a very small fatigue crack emits
measurable AE; hence, the possibility of detecting fatigue cracks at a very early stage exists.
For the engineer, the existence of a measurable crack is probably sufficient; but for the metal-
lurgist, the idea of a fatigue crack precursor is attractive. Only a few modern NDI techniques
show much promise as pre-crack indicators, possibly because the fatigue process is not suf-
ficiently understood.

The behaviour of the breadth of the X-ray diffraction profile during fatigue has been
studied. By using a micro-beam technique, Taira"0 measured parametric changes in the plastic

* Analysis of their results suggests that this is an optimistic interpretation.
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zone ahead of the crack, i.e. the area wherein a crack is expected to propagate, and this method
has been used to follow the progress of a fatigue crack. It appea.,•. to be best suited to study
of the fatigue process in the laboratory. However, with the present rapid developments in tech-
nology, along with the possible use of the computer for control of scanning and for handling
of results, field application does not seem to be an unrealistic prediction.

Photoelectron emission from freshly fractured surfaces has been observed but the process
is not yet fully understood. By measuring localised exoelectron emission. Baxter"' claimed to
obtain reproducible results which provided very early indication of fatigue deformation and
showed a relationship between emission and number of fatigue cycles. The specimen was mounted
in a vacuum chamber and was systematically scanned by a light spot formed from a I kW mercury
arc lamp. The electrons were detected by an electron multiplier, the input of which was held at
500 V DC with respect to the sample and a time rate was recorded. Tests showed that emission
rates normally remained constant for up to 50 minutes tinder laboratory conditi6ns. Tests were
conducted on aluminium and steel specimens. Shortly after testing began, a point on the speci-
men showing a dominant peak count rate could be identified and this dominant peak was usually
followed through to failure. (On one occasion the first dominant peak was joined by a second
peak which eventually took over the dominant role.) It was found that emergence of a dominant
peak was a very early precursor to final failure. It was assumed that the emission was associated
with crack formation because it was extremely localised (beyond the 15 1 resolution of the
equipment used). It was also assumed that the intensity of the localised emission provided a
measure of fatigue damage. Baxter postulated the continuous generation of fresh fracture
surfaces as the dominant source of the emission and emphasised its highly localised nature.
The technique seems to be a highly sensitive detector of malignant cracks without giving strong
indications of final failure. A more direct validation of fatigue-crmck growth (say, metallo-
graphically) is awaited.

Specimens of 6061-T6 polycrystalline aluminium or cold rolled 1015 polycrystailline steel
exhibited large changes in the attenuation of ultrasound prior to failure (Joshi and Green 3 2).
Typically. measurements of ultrasonic attenuation gave a strong indication of the onset of failure
well before conventional measurements were able to detect a crack. Fifteen specimens of each
material were used and in all cases changes in attenuation >0.4dB were observed before a
crack was detected. It is postulated that, since dislocation motion is a prerequisite to fracture
and ultrasonic attenuation is a very sensitive measure of dislocation motion, attenuation changes
should be a good precursor of failure.

Bhattacharya and Schroder 3 3 found, for certain ferro-magnetic materials over a limited
range of hardness, that AE signals could be readily detected as specimens were fatigued. These
signals occur at the same time as Barkhausen type magnetic signals can be detected from an
initially magnetically saturated specimen. It was suggested that the latter signals are a more
reliable indication of progress of a fatigue crack than AE, which is strongly dependent on
hardness.

Under fatigue loading conditions, materials dissipate heat energy because of hysteresis
effects. The resulting temperature changes are small but can bc detected using sophisticated
techniquce,, e.g. scanning infra-red devices. Consequently, areas likely to suffer fatigue damage
can be located and identified--frequently before the damage is visible as a crack. Charles e al. 34
claimed to be able to detect some fatigue cracks as early as 15", of fatigue life. Tests were
conducted on mild steel and fibre-glass epoxy specimens using equipment having sensitivity
better than 0. IC in the 8-14 /4 wavelength region. Analysis of a record using a densitometer
permitted isotherms to be plotted and these patterns were particularly useful in following the
propagation of a crack. Earlier, Attermo and Ostberg"3 had reported temperature rises as
high as 30'C for PVC specimens, when heavy plastic deformation had occurred ahead of the
propagating crack. For 18/8 stainless steel specimens, smaller temperature rises (14'C) were
found. Reifsnider and Williams" 6 showed that heat produced during fatigue comes from two
sources -- the first can be attributed to the phase difference between stress and strain. brought
about by the viscous natibre of the material, while the second usually arises from mechanical
damage. The most useful results were obtained from a 10-colour calibrated surface-temperature
picture of the specimen using commercial thermographic equipment. Not only were areas of
fatigue damage readily identified, but ihe co!oured records lent themselves to further analysis.
The specimens were made from boron-epoxy and boron-aluminium composite material and
temperature changes of tip to 36"C were recorded. The major temperature change appears to
occur a( the start of testing when other methods i e parlicularly insensitive.
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Microwaves hase been used in various ways to find defects in poor conductor; such as hone%-
.onit' structures, ctc. Sound %%aves Senerated at microwase frequencies. hase wavelengths. which

are af the crder of the xaseleeagth of light and hen=e an acoustic ir-kcroie~-pe saws he i-wilt
(Young') in %hich the contrast is acoustical rather than optical. Cunscquentlf ., dletail, may be
swen which wkould otherwise be missed altogether. Andrc'. " described an imaging technique
which is based on nuclear magnetic resonance (NMRi but it is ins the early stages ofdevelopment.
Three alternating magnetic fielt gradients, of diffening frequencies. are applied in orthogonal
directions across the specimen and the intersection of the orthogonal planes defines a unique
sensitive point at which the fields are constant. The signal from the sensitive point can be selected
and used in seainisig through thin slice of the ,pecimen to prepare a three-dimensional image
of the proton density in the specimen. Pullan34 described X-ray imaging techniques which permit

6 ~cross-sectional pictures of any part of the humnan body tr.. be produced. An X-ray* tube and
scintillation detector scan across the body and measure X-ra-, transmission at frequent intervals.
Th': s) stem is then rotated through a small angle and the procms is repeated. A complex Fourier
transform analysis is used t,) pi-oduce a suitable image. Very small changes in density and atomnic
number can be'detected. The apparatus is very expensive.I

There are -.anous methods wherebyý ultrasonic waves can be used to produce images of the
interior of an optically opaque solid- In one -ommonl) used technique, the received and ampli-
fied echoes from discontinuities in acoustic impedance are displayed as light spots on a CVP'
screen to produce a Cro~sssectional representation of dicontinuities as the probe is scanned over
the subject. The resolution of these ultrasonic devices is limited - below frequencies of about
10 MHz, the limitation is due to wavelength while at higher frequencies. attenuation and
absorption become exceisive. There is an enormous literature on holograph% Erf er a.
pros ide a good starting point. An interferometric technique is described whereby vcr-s small
ihallf'-ssaelengthl surface dikpljcemenis can be detected by examining fringe patterns from
photographic pairs. In a fatigue situation. surface distortion is often observed. Both phase and
amplitude signals are accurately recorded b fore and after load application. Consequently,
using continuous viasc escitation. onlyý extremely' stable structures can he examined However,
Erfefa'- o- ovrcame this problem bv using pulsed laser sy.stems, the duration of indis idual pui'-es
being about 40 nanoseconds. Using a pulse sepviation greater than 20) microseconds. output
energies approaching 3 -2 joule puls.e were realised. Detail of test tecýhniques, alone WI~h uome
case historiecs, is given. Archbold and Eanois" proposed the use of laser phutog~raph, to measure
the deformation of weld cracks under load Laser lieht was used to illamin3te the crack area
and double expos.'re photographs were taken before and after loading. kMovements of the
crack edge-; could be ,curately measured from a speckle pattern. The method does not need
.;ic high stability required for holography. At AakL theoretical studies have been made concern-
ing the use of Bragg diffraction irnageirg. The work on holography has not been done specifically
for NDI application.

Ma4ny NDIl technique% arc wasteful ef the information contained in the signal, using only'
a small portion arid discarding the remainder. There is a host of techniques presently uader
ex,±mination or development in w~hich more use is masde of this information. Analy sis techniques
are used wherein flaw characteristics are determined on the basis of signal frequency content.
NLC et al." described how reflwctd ultrasonic signals were digit ised before being transf,'rnied
from time to wiequencN domain using a Fourier transform technique. Spectra were obtained
for fatjgue cracks. but these were very r-omplic.oted and satisfactory interpretation has not yet
been made. Defects in adhesive and oraze-bonded assemblie-. wer- seadily identified and the
thicknes of parallel-sided discontinuities was measured. Sachse" found spectra characterising
a cyelindnical fluid-filled cavity were different from those associated with a flat circular surface.
Hopefully, analysis will lead eventually not only to crack ~ize determination but also perhaps
to the nature of the crack or defect-in our case, whether it is a fatiguie crack or not.

Zuckerwar" has proposed. and shown the feasibility of, a system whereby .-. spectaiised
form of ultrasonic signal analysis is used to monitor defects in structures. Suitably cho'sen and
located ultrasonic transducer's are permanently attached to several points in the structure and
one of the transduciers acts as a transmitter. The cro!ss-correLation function ('-cross-eon-elogram")
bictweeni the slemodulaied transrritted and iecekcd signal is established on-line by meanis of a
fist-Fourier analyser. Random noise is largel) eliminated bry averaging a large numiber of cross-
correlograms and, by subtracting the initial or reference crotss-correlogramn, a ditlereatial cre -

cotielograrn is obtaned having increased sensativity. Tests were condute on a plate cnitaining
hole-s of different size, a simrple specimen with fatigue-induced defects and a rivcttcd specimen.
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Little difficulty was experienced in detecting the presence of a small hole or the early stages of
fatigue cracking. The detection of a crack under a rivet head was not truly tested because no
observable cracks were produced. The system has yet to be tested on a complex structure and
under field conditions on unknown defects. It serves to point the direction in which ultrasonic
testing may well proceed. Cole and Reed"3 describe a somewhat similar technique. A structural
signature based on the measurement of damping decrement of an excited structure is claimed
to be invariant after conditioning but is closely related to the development of defects. It is a highly
computerised technique which is at present very critical to measurement frequency, transducer
location, etc. No real claim is made for its use as a flaw detection method but it is believed to
constitute a feasible approach. In both of these techniques, it is implied that eventually a measure
of structural deterioration will be obtained. A simpler specialised technique for defects around
fastener holes was proposed by Schrooer.' 6 The fastener under test was struck a sharp blow
and the nearby vibrations were analysed. A crude analogy of the changed frequency of a sound
and cracked bell was used. At the time, Schrooer found analysis of the waveforms too subjective
but this may now be less of a problem because of recent developments in computing.

6. CLOSING REMARKS

It has been a primary objective of this paper to demonstrate that much work has been done
in the past, is being done at present and is planned for the future, in connection with NDI and
fatigue. The original idea of simply measuring crack lengths has been extended by studying
the performance of the operator, by improving the capabilities of established NDI techniques
and by an ever-increasing use of the computer not only to process and condition test results
but also to control the progress of the test. It now seems possible that, with the aid of fracture
mechanics concepts, measurement and prediction of crack growth rates will soon become
relatively commonplace.

In areas where crack growth measurement is either not possible or is unpopular, other

techniques for life prediction are being developed which involve entirely new philosophies.
Proof testing has been used to validate the capabilities of high performance aircraft and may
be used with or without the assistance of AE. The latter technique itself is developing as a viable
new method for life prediction.

Finally, there are numerous laboratory techniques where either studies of the overall process
can be made or the early stages (or precursors) of the fatigue process can be discovered. It is too
early to predict which of these techniques will be developed to the stage of field application but,
historically, many of them could be expected to reach this standard in the foreseeable future.
To a large extent, the speed with which this is done will depend on obtaining a better under-
standing of the physical basis of the fatigue process.
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DISCUSSION

QUESTION -Grp Capi. I. Sulherland
(RAAF)

Several )ears ago we were aware that the problem with flying acoustic emission equipment
was the range of extraneous noise and lack of discrimination. Can you enlarge on the application
of acoustic emission in flying aircraft?

Author's Reply
In recent years our understanding of AE has greatly improved. Consequently, AE experi-

ments are currently being conducted overseas (USA) in aircraft during flight. ARL believes it
has the expertise to undertake such experiments in Australia- It should be possible to make
equipment small enough to fit into aircraft and extraneous noise can be handled by choice of
suitable transducer frequency, adequate filtering and a logic-based signal acceptance approach.
Signal discrimination on an amplitude basis is likely to be sufficient but more sophisticated
methods are available if required.

QUESTION -Sqn. L.dr. L. Hatrý
(R.A A F)

As aircraft continue in service the structure "works", fasteners become relatively loose,
modifications and repairs are carried out. Will these factors require continual revision of the
structural noises which must be filtered out in order to make practical service use of acoustic
emission?

Author's Reply
Some ,xperimental Aork has already been conducted in this area. Although much of the

structural noise can probably be eliminated by filtering, much useful information would thereby
he lost. Changes in ,tructural noise may well be a useful indication of the presence of fatigue.

QUESTION--tl. A. Wills
(Retired)

Is there any possibility of using changes in electrical properties with load as a means of
indicating the onset of fatigue?

Perhaps in a manner analogous with the electric resistance strain gauge.

Author's Reply
Measurements have been made, on laboratory specimens, of electrical conductivity. Changes

in conductivity have been noted as fatigue testing progresses, and before a crack has been
detected by conventional NDI. As described in the paper, strain gauges made from special foils
have been used to monitor fatigue but there are unsolved problems with calibration.
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THE DEVELOPMENT OF THE THEORY OF

STRUCTURAL FATIGUE

by

D. G. FORD

S UU A4 R Y
The relation of structuralfatiguc to other branches of fatigue is outlined by a brief

historical survey ishich includes the main ideas of the ihenrv and endT wHih some of the
current problems and posm ibh de evepopten its.

In the .echtois about cumulative damage and reliabilit v, there are sonic minor
improvements over previous formulations.

269



1. INTRODUCTION

Almest all the applications of fatigue are related to the probability distribution of life for
structural or mechanical components, mostly those not amenable to simple stress analysis. In
view of this fact, it is strange to tell newcomers to the field that no theory is used for the specific
estimation of the probability densities of fatigue lives. Instead there arc two empirical recipes
for the separate estimation of mean fatigue lives and for their variance: the nature of the distri-
bution is scarcely considered, except for a largely subjective allocation of either of the classical
log-normal or Weibull densities. This allocation generally relies on results obtained from simpli-
fied small specimens, and, like the damage theories makes no allowance for the interaction of
different fatigue prone parts of a component or structure; the very process that is the basic sub-
stance of stress analysis and design.

Since World War 11 this methodology has become so entrenched that "lips can scarcely
frame the words" to properly pose the problems that arise from practical questions. What is
lost on this occasion is the ability to incorporate advances in fundamental knowledge or to unify
various branches of fatigue and the closely allied subject of fracture mechanics.

Nevertheless, several lines of theoretical development have contributed an essential part
to a valid framework that is capable of incorporating any describable type of stress or strain
analysis and almost all the suggested types of cumulative damage. Correct results of course
depend on the correct choice of these two components. Such a choice can only be made after a
comparison between theoretical and experimental results (in sufficient numbers) provided the
latter are analysed by the application of the general theory with several (stress analysis)-(damage
law) pairs. The pair of laws to be chosen is of course that which matches most closely the
probability distribution of the experimental results, and for different cases the most appropriate
pair may vary. Once the same pair of laws covers a wide range of cases we may safely mark an
advance in our understanding of fatigue. Before this stage is reached the application of a rational
theory will in principle lead to the accurate delineation of complex fatigue from data accurate for
simple cases.

In this paper we avoid most proofs and briefly survey and outline a new discipline termed
structural fatigue. We shall use a historical approach to indicate its relation to other fatigue
studies including those where more knowledge is needed.

2. REVIEW OF FATIGUE

It is worthwhile here to restate some of the common or even trivial facts of fatigue in language
appropriate to structural fatigue.

First of all one must start with a structure which we define as any object evincing a "stress"
when acted upon by a "load", and also of course capable of fatigue. This definition includes
anything from a simple teInsile fatigue specimen to a large aircraft and the practical meaning is
simply the object or class of objects of one's attention. The aim of structural fatigue theory is
merely to relate the fatigue properties of simple structures to those more complicated but not to
explain fatigue itself.

The meaning of "stress' is usually plain but in our abstract setting it could refer to strain or
in general systems to entities such as voltage or pressure. ' However, there is a difference in mean-
ing between the stresses which cause the static collapse of a structure and the alternating or mean
stresses which are important to fatigue. Structural fatigue theory incidentally allows a free
choice of such entities.

The term "load" may be given a similarly abstracted meaning and in fatigue there is here
some more definite controversy2, 3 which appears when it is necessary to count cycles from
fatigue meters etc. to form Kollektivs or "spectra".

The result of fatigue is eventually failure of the structure and this occurs in three stages:
precracking or damage followed by initiation and growth of cracks and finally by failure of the
weakened structure under one of the loads.
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Let us examine each of these stages more closely. During what we here call the damage
stage, damage will be proceeding in a microscopic but finite volume of material. If this were
happening in just one spot the macroscopic local stress response would be constant. If there were
several critical regions the stress at a point suffering damage would be affected by the (macro-
scopic) cracks elsewhere but not by any damages elsewhere. However, the most general sup-
position is that damage is self-affected even when the nominal stress is constant.

We have been forced to partially describe crack growth by contrast to damage. A "crack"
is a geometric parameter, not necessarily length, which can affect the stresses caused by loads at
any critical point. Its rate of growth depends on cyclic variations in "stress", normally expressed
as an intensity, which is affected by the crack itself, by any other cracks should they exist, but
not by any damages. Both cracking and damages are most generally described by including
historical effects but in the following these are summarised by the crack formulae and the
damage parameters. After-effects are more likely with damage, since, by definition, this continu-
ally proceeds at the original critical location.

To describe the two stages (which may approximate several) it has been necessary to postulate
critical regions or "control points" where the damage that eventually leads to cracking proceeds.
In structural fatigue as developed so far the number of critical points is taken as countable
and moreover finite but such simplification may not be enough to represent a plain specimen
or even a shallow stress concentrator. Some work has been done here by McClintock" but not in
the general setting of two-stage fatigue.

At the atomic level, all types and stages of fatigue proceed largely by the movements of
dislocations. Since this is basically a matter of kinematics except for extremely high speeds of
loading, fatigue, like plasticity, is not per se time dependent. Ultimately, plasticity also arises from
dislocations so that fatigue may be regarded as a type of plastic shakedown on a microscopic
scale. This simplified picture is of course complicated by the effect of chemical and electro-
chemical reactions which do depend on time, but quantitatively these may be regarded as pertur-
bations to a process basically independent of time but not sequence. For this reason the structural
theory subsumes such effects into the data.

From the mathematical point of view, fatigue-and doubtless other processes-may be
regarded as a set of interacting (random) processes, one at each critical point, which proceed
in two stages the second of which is capable of affecting either of the other stages proceeding
elsewhere. This is the abstract picture; at the physical level each of these stages is driven by a
sequence of generalised stresses modulated through a system or rule of counting. In further
detail, the cycles counted are also a random sequence but it is convenient to imagine that the
parameters measuring damage or cracking change so little in each cycle that two further
approximations are possible.5 These are that the vectors of damage or crack length after each
cycle are points from continuous differentiable functions of a continuous number of cycles or
equivalently of some pseudo-time. To complement this it is postulated that the derivatives of
these depend only on averages of various functions of the random stress sequence. These assump-
tions allow one to set up differential equations for the growth of crack or damage vectors.

A practical prerequisite for these equations is that the damage rule at each single critical
point is known and that the stress at or near critical points is predictable enough to calculate
stresses and intensities in the presence of all the cracks with suitable accuracy. As described in
Section 3.3 the appropriate stress is true local stress with allowance for plasticity, etc.

The final stage in fatigue is static failure of the structure, generally weakened by the preced-
ing cracks, but not by definition, weakened by damage. This is merely an extension of the rule
that the crack rate is not affected by the damage vector and it should be regarded, not as a
restriction in generality, but as a test as to whether a given process belongs to the early or late
stage of fatigue, i.e. whether it should be classified as damage or as cracking in the terminology
used here. It is unfortunate that in the literature these terms are used interchangeably despite
this fundamental difference.

Incidentally the term "static" is somewhat tautologous as used here. It distinguishes the
load that fails the structure from all the preceding loads that allow its continued existence to
suffer more fatigue in the form of either damage or further cracking. There is no suggestion, for
example, that inertia loads need be absent. The distribution of the number of cycles to this final
failure is a branch of the wider discipline of reliability theory though it does have some difficulties
peculiar to fatigue.6. 7 .89

We shall now discuss these three aspects in more detail In a loosely historical
approach.
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3. DAMAGE THEORY
The earliest common reference to a quantitative theory of damage is Palmgren' 0 in 1924

who stated the well known Miner-Palmgren hypothesis and applied it to estimate the lives of ball
races, not merely simple specimens. In the time since then it has exerted a hypnotic attraction to
all who need to average the fatiguing effects of differing stresses. Its attraction lies in the some-
what misleading sobriquet "linear damage" with which it is normally taken to be synonymous.
It is a true theory of damage in a sense to be described later, retaining its original virtue of
simplicity, and there is strong evidence that many of its failures are due more to misuse or the
absence of supporting concepts. The linearity of the rule makes it almost automatic as a choice
of damage for the fatigue monitoring of aircraft fleets and in fact the only serious competitor
in the future is likely to be canonical damage which may be regarded as a linearization of any
damage into probability.

The linear rule is normally written in the form
Xn(Sg)/N(Sg) = C (I)

where C is a constant ad;,usted by circumstances, but originally taken as unity (the limit for
constant amplitude loadinr. The notation presupposes only a countable choice of loads, and not
a continuous domain, and there is a similar vagueness in the choice of the strictly random fatigue
life N(S). For a fixed total number of applied loads (i.e. En fixed) the moments of this damage
have been found'' when n(St) is the limit of a multinomial choice and N(S) is log-normal with
a given autocorrelation function. It was noted that independence of the lives N implied variance
of order l1/(En)(N(S,)-N(S2 )) where S1, S 2 are typical loads. This arises through a situation
basically similar to that holding for limit theorems in probability.

One of the obvious weaknesses of Palmgren damage was that with the vague definition of
damage as either crack growth and/or precracking the rate of fatigue failure did not seem
constant and the first allowance for this was made by B. F. Langer" 2 in 1937 who postulated
two stages of damage, corresponding to our damage and cracking, each obeying a linear law
with different values NJ(S) and N 2(S) for the lives. Since only the current loads could do damage
in each phase the rule also implies a type of sequence effect. The other innovation in the rule
was that it was the first of many rules that required more testing for their parameters than would
be needed for the corresponding programme test.

After Langer's paper the next milestone in damage theory was the development of pro-
grammed loading in 1939 by Gassner."3 This has no direct relation to damage but it is
important as the forerunner of wider experimental checks for damage theories and the full-scale
fatigue tests which are now accepted as the most realistic means t4,.1 of assessing fatigue in
large structures.

After World War II, there was a proliferation of damage studies many being described in
the reviews of Kaechele 6 or O'Neill. " However, most rules were post hoc from small specimen
tests and had the disadvantage that the amount of testing required to establish parameters
exceeded that involved in a series of programme or random load tests. Also after the War, there
was renewed interest in the physics of fatigue but it is fair to say that none of this had much
cffect on the development of damage theory.

Thus the volume of investigation in the post war period has forced us in this short paper to
confine attention to those events that the author finds important to the theory needed for struc-
tural fatigue. The first of these is the publication in 1945 of Miner's famous paper " in which
the linear rule advanced by Palmgren was justified by assuming a constant input of energy in
each cycle. This has proved to be wrong but the predictions of the rule were good enough to
become and remain the hitch of moxi prattllell lifo esimlation myslemm,

It 1,t important to note thatn Miner did test [he linear rule"o experimentally, consIdewJ
statistical aspects of the tests and defined failure as thefirst appearance of a visible crack. The
last two aspects were due to be ignored in the widespread use of the rule and indeed in the modi-
fications to it that were introduced to overcome its deficiencies. The latter became apparent
quite soon and one of the earliest failures of the rule was when it was applied to random noise
data in 1956 by Head and Hooke. " However, the order of magnitude agreement and the
simplicity of the rule have conspired to ensure its survival in the crude form in which it is
generally used.

Bastcnalre Damage
To appreciate the shortcomings of present means of applying damage rules it is perhaps

quickest to develop Bastenaire damage which we now briefly do.
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The concept of damage was first thought of by Kommers. 22 After Palmgren, French 2
1

related it to the state of the material. The axiomatic form was discussed by Bastenaire 3
-'1

4 in
1955 though the version presented here differs in some details.

Firstly, the damage at some critical point is in general a vector which specifies the state
of the material there. Because the entire state is thus specified there is no question of sequence
or historical effects in any deductions from the axioms; they are subsumed into the components
of the vector state or damage. One way in which the state may be completely elucidated is through
discovery of the distribution of the residual life at some reference stress. The functionally inde-
pendent moments of the residual life distribution (to initial failure in our case) may then be
regarded as damage parameters and the existence of Bastenaire damage ensures a one-to-one
relationship between these moments and the damage vector. The state of the material then
constitutes an equivalence class of all one-to-one transformations of the original damage vector
or of the moments of the residual life distribution. Therefore there is no unique measure of
damage; the physical reason for this is that damage is the same for a given specimen however
it is specified provided that the space of damage has a high enough dimension.

If damage is a state of the material then it is reasonable to follow some other authors
(e.g. Torbe"'') and say that the "state" of the material varies with the stress level during a
cycle. Most investigators tacitly ignore this possibility but it should be considered in an axio-
matic theory. Figure Ia represents a time history of load and "damages" during two possible
fatigue cycles of the same range but different wave forms.

Because fatigue is independent of time or frequency to a first approximation, all the
"damages" depend only on the current stress as indicated by the closed rectangle. In order to
set up differential equations for damage the temporary aberrations of "state" caused by current
stress must also be eliminated. In concept this is done by replacing such "states" by a differentiable
damage which interpolates points of the "state" at some reference stress. In Figure la the dashed
curve is such a function and we suppose that Bastenaire damage has this nature.

Note that the axioms framed in terms of a residual distribution of life presuppose a universe
or population of specimens to which the particular type of Bastenaire damage applies. Thus the
same individual specimen in the same physical state but which could be classified under two
populations say would give rise to two different equivalence classes to describe its damage, i.e.
the damage laws would differ according to the population being considered. One of the dangers
of this is that conditional distributions of life must be treated carefully.' The probabilistic
state of damage above must represent in the sense of mathematical expectation all paths or
sequences of damage states leading to the damage in question in proportions appropriate to the
original population of virgin specimens. Oiherwise the notional test of residual life distribution'
is meaningless.

For a general abstract space of damage the existence of Bastenaire damage is assured by
the fact that there is always some reference stress whose repetition will eventually fatigue the
specimen. In the general case however the damage itself is equally abstract and has little practical
use. However, it is natural to suspect that the residual life distributions, including those from
zero time. depend largely upon just one or two parameters so that the damage may be similarly
described. Because it is now agreed that the change of physical state of the material is gradual
it is also natural to suppose some continuity of damage with respect to different 'oad sequences.
Such a concept requires nearness of different sequences to be defined, i.e. a topology is needed.
Unfortunately for the sequences important to fatigue which are essentially discrete and time-
free the choice of open sets is still unresolved.

This difficulty, however, allows one to take advantage of time-continuous approximations
to load histories and their usual topology to set up differential equations for the growth ofdamage.
As discussed by Ford' the pseudo-time is assumed proportional to the number of turning points
and there is a possible ambiguity in mapping a discrete sequence of load cycles into a continuous
one since in the physically discrete sequence there may be several small cycles completed during
the passage of one large one. The axiomatic suppression of sequence effects reduces the error in
this to the order of

(AT) (dD/dt) (Fig. Ib)

where AT is the displacement of sequence order or pseudo-time caused by mapping the discrete
sequence onto the continuous one.

This does not mean that noticeably different sequences always lead to the same damage
merely because the Kollektivs or spectra are the same. Different sequence paths S(n) to the same
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Kollektivs as in (3) below lead to generally different damages D(n) despite the ultimate equiv-
alence of spectra.

Having made the approximation of continuous cycles, suppose that damage at a critical

point is also differentiable so that
dD = A(D, S)dn+B(D, S)dS (2)

where
D = Damage vector,
S = Load or stress

and
A, B are vector functions.
This is simply the chain rule but the second term is an effect caused merely by a change of

load rather than its application. It was therefore ignored by Bastenaire to produce
dD/dn = A(D, S), (3)

an autonomous differential equation. This agrees with our viewpoint as depicted by Figure Ia.
Equation (3) appears abstract but it has been shown" 7 that most of the proposed damage

rules can be cast into this Bastenaire form by eliminating constants, one of the normal means
of creating differential equations. This has been done by O'Neill"7 and the supposed sequence
effects of many rules turn out to be just the complexities associated with the original formulation.
Figure 2 shows the rule of Marco and Starkey" in the present and original formulation, the
latter avoiding derivatives by the implicit use of D.

It has been stated that damage belongs to an equivalence class. Some members of this
class contain the probability of failure as one of the components of the damage vector. The fact

that damage applies only to a defined population allows this component to be unique so that this

subset of functional transformations must exist. Any component, F say, which is the probability
of failure shall be described as canonical. If one parameter suffices to represent the damage then
such a component will be called canonical damage. Equation (3), with D replaced by F, then
describes the life distribution for the given population of structures when the load history S(n)
is defined. In symbols

f(n) = dFrdn = Ap(F, S). (4)

When there are several components, (4) is replaced on the right by a scalar function (23) of some

equivalent damage vector. This amounts to a simple selection of the appropriate component
from the transformation to the damage containing the canonical component. Thus the
equivalence {. .... F .... } D
allows the multiparametric form

f(n) = A (D, S) (5)
of (4).

In (3) let the right hand side depend only on S and let the average life to failure be N(S)
under the constant amplitude loads. If we put D = I at n = N(S) then this recovers the linear
Mincr-Palmgren rule but with the added interpretation that the life distribution under constant
amplitude, F -- F(D). (6)
Because this is a functional relationship the distribution may also be found under other load
sequences including random ones. Another consequence is that all the life distributions under
constant amplitude are affine transformations of one another. Thus lives under constant
amplitude have a single logarithmic variance. The result was first suggested by Yokobori in
1954,26 before Bastenaire who did not consider it. For lives to final failure this is clearly contra-
dicted by experimental evidence which therefore refutes the Miner-Palmgren rule for final lives.
For initial failures there are too few results for any decisions as yet.

Ford'-' has used Equation (6) inversely to derive another rule from observed lives to
failure under the assumption that the constant amplitude lives are log-Normal. Again, there is
insufficient evidence relating to initial failures. One consequence of any Bastenaire rule is that
damage in the colloquial sense can be done by loads below the endurance limitI since the presence
of some failures there ensures the existence of canonical damage even though there may be
runouts. Canonical damage in turn ensures the existence of any equivalent kind, and the physical
mechanism of this cannot, by definition, be related to the presence of cracks but only to micro-
processes local to the initial failure.
It has been shown that the existence of Bastenaire damnage implies that of canonical damage,
i.e. knowledge of the life distribution. Other components of vectors containing canonical damage
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(not necessarily unique) can be interpreted in other phssical wa~ss This has been briefls discussed
by Ford' but not applied. it seems possible that each componcnt of damage corresponds to a
different physical mode of failure and this knowledge can be used to postulate multi-parametric
damages from suitable experiments.

The most important result of formulating Bastenaire damage was that it allowed the dis-
tribution of initial failures under random loads to be calculated. at least implicitly. The simple
fact that life to final failure was the sum of a random initial life and an approximately fixed
time of crack growth allowed the revival of Langer's two stage structural theory. This has still
been developed cnly for random loads, not necessarily "white". but this is by far the most
important case-

In (5) let
S - F(S) 7

using F generically to denote the distribution function of its argument. Then the average density
stemming from a given damage D

f(n) f JA.AD. S) dFtS).

from (5),
.4(D). sa. (8)

If D is the coitsequence of a random load history then (8) nidy be regarded as another equation

d;dn F(D) A4(D) (9)

fer the growth of average damage in pseudo-time including canonical damage.

Log-Normal Damage
To illustrate the app;ications of (3). (8) and 49) consider log-Normal damage.' Under

constant amplitude let

F(log n) - O{(log n- p(S)),'a(S)}G(S) (10)

where 0 is the unit Normal distribution function. The runout probabilit) I -G(Sj, %shich is
similar to a probit function. may be regarded as part of the specification of the constant ampli-
tude life distribution. Using F - G(S)O as canonical damage. , to abbreviate the unit Normal
density and (P ' as the inverse function or probit of 0,

F - G(S) O{(Iog n --- 4s))..: S))

and

v(S) dFidn = (i(S)*( '(FG(S))}exp I-. S)0 '(F, G(S)) P(S)) (II)

is the Bastenaire form for this type of canonical damage. It will be noted that (11) is almost in
the form of an equation for the unit Normal deviate (0)-(F:G(S)) so that this is equivalent to
the convenient pseudo-damage

d"' dF,
"- "r GAu')dn din/

a(S) (exp(-u'oS)-p(S)) (12)

This is a pseudo-damnage since the inclusion of G(S) in the transformation ,means that the
interpretation depends on the current load cycle. However, it does hold if G -- I when it follows
that the rule (12) resembles a Miner-Palmgren rule with linear damage weighted by a factor
I!(o(S) exp (-0(S))- The true deviate damage is actually

u -

for which

dcu G(Sle-FIs) , -to io •;Gi S )
. exp I -oS-0 S (W- ) INs)p). - (13)d' V(S) 4(U)

This reduces to (12) when G I but otherwise the first factor approximates damage done
below the endurance limit, when G < L. The terms *-' vanish when 40(u) -i G(S) and then
cease to be real. This represents a failure of the one parameter theory but the conservative approach
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would be to make du dr ero in such cawes. From such a time onwards. if all the loads were small
enough there would be a probability

I 0(u)
of runouts.

To illutrate (9.. let the cycles be dilributed --IS) s~,- (hal (II) averages 1o

Su'i (S)dF(S). F e/ nS D(4
0~i~ U- S & I < 0 - l \.Ix p <(-a i S

The form of this distribution obviously depends or. the Kolletliv as expressed in FiS)
Since this has followed from a simple type of Bastenaiie rule it seems likely that the quer)
"what is a typical tIpe of life distribution in random load fatigue'?" is fatuous Equation (14)
is effectively a first order differential equation for F(n) since the load S ii a dummy variable of
integration.

In structural fatigue, densities like (9) or (14) are not solved alone but ha.e their equations
coupled sith crack growth equalions including generallN those for cracks elsewhere Thus in
(14) Sand hence F(S) depend on the crack %,ector which :n tijrn bucause of its rando.,.icss depends
on f(n). The exceptions to this are when there is only one critical point or when there is no inter-
action betw.veen cracks- Both of these cases are of course common and strictly the first is an
example of the seccad. Before leaving this illustration, consider the analogue of (14) based on
the equi-ialent damage u. This is merely a similar average of (13) and the same holds for any
equivalent damages since the transformations cannot depend upon the load.

The experimental inputs to (13) or (14) are on.S), w,.S) and G(S) all of which should be
obtainable from suitable S-N tests to initial failure. Unfortunatel there are no systematic test
results known to the author because of the added requirement that all failures he the cycles to
the first crack, suitably defined.

[here is of course no reason why any of the Bastcnaire rules cannot be applied to final
failure but this neatcs their conceptual importance in structural fatigue Bastenaire (ca 1960)
has tested many steel specimens for IRSID in two step tests while Ford& has described some
resuits (Fig. 3) of applications to data of Webber and .ev.. The agreement in each case wa,
fair but it should be remembered that only final failures %ere considered. In Bastenaire's tests
the damage function was taken to be a power law which is strange when one recalls that the
canonical form of damage. which immediately suggests log-Normal damage, was first advanced
by Bastenaire in his original paper.

Another damage of possible interest could be based on the obscration"'3 that the scatter
of random or programme lives is similar to the scatter at the maximum amplitude.

Finally there is no reason .hy any canonical damage rule need only be applied to those
cases where the constant amplitudL lensity is known. For example, in log-Normal damage (11)
becomes the axiom rather than (10) and alterwards the actual failure distribution is some
function of F Howeeer. the choice of a rule does restrict the life distributions. Thus the Miner-
Palmgrcn rule can be aprlied to any data, initial or finai, but it cannot be correct unless at least
the constant amplitude densities are arnre.

Danmage and Res idual S.,-ts v
The enormous number of programmed and random tests which cannot be applied to

structural fatigue are mostly described in terms of the nomirnal stress and a stress concentration
factor Kt. Because of this, the actual stresses at the notch roots have not been known, and use-
less rules have been compared on the ba is of fictitious stresses or strains. Fortunately this situation
has altered recently with the introduction of companion testing3°'.' and the spreading use of
Neuber's rule"2 for a closer approximation of notch root stresses.

This rule sate% that

K, 2t K.g (15)

where the right hand quantities denote stress and strain concentration factors and K, is the
geometrkw factor. According to Topper er a/." A. is prL{ereabk to Kt and when K, iS related
to K. by the cyclic stress-strain curve or more correctly the one applicable at the time then (I5)
with Ky leads to notch root stress or strain. Equation t15) can also include changes in mean
stress or strain"' and the latest ESDU method uses th.s approach.

From our viewpoint, this is necessary ti structural fatigue but 115) should not be regarded
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as relating to damage but as part of the detailed stress analysis or the struct're. In the use of(14)
or similar equations. F(S) refers to the notch root stress. The sequence of nominal stresses there-
fore has a marked effect on F(S) and at present the only way to find the distribution of damage
stresses is through simulation of the notch root conditions. This needs to be done often during
a life distribution calculation and is likely to consume much computing time.

4. FRACTURE AND CRACK GROWTH

Fracture and Reliabilit
There is no need here to repeat the history of fracture mechanics except to state that the

earlier papers of Griffith, Orowan, Wells and Irwin 3"- *6.37,3 bring us to the early 1960s when
interest arose 3 '. 4 in the application of reliability theory to the final fracture part of the fatigue
process. At first sight, the various forms of fracture prediction are ideal partners to reliability
theory and indeed they would be if they were accurate enough. Unfortunately, the life predictions
from reliability are sensitive both to the accuracy of strength estimates and the scatter of these
caused by variations of fracture toughness K,. Because of this the practice at ARL has been to
use numerical methods based upon experimental crack lengths. 4. Structural fatigue theory is
outside this realm since its aim is to predict distributions of crack lengths which may then be
used for the risk or hazard in a reliability estimate.

For completeness, we shall briefly outline reliability theory as applied to the failure of un-
maintained structures. Other treatmen ts44.4•5.4 6 apply idealised assumptions to consider inspec-
tion intervals. There are also approximate analyses 43 '4 6 of the case below.

Suppose that the length of cracks in the structure has the (possibly improper) densityf(a in)
at n cycles and also that the strength for the crack vector a is distributed

R - f(RaI).

Then the probability of failure during the nth cycle, the risk or hazarL, is

I,(n) f Jo f7, dF(S) dF(Ria) dF(a In) (16)

It is convenient to split this integral into different parts according to the nature of the
failure, noting first that f(aIn) is the solution of the standard problem of structural fatigue.
The cracks may first be divided into those that do not affect the strength and, among the others,
the runaway cracks for which R = 0. For simplicity the former will be equated with a = 0
with the finite probability dF(0n) and the corresponding strength will be the fixed ultimate U.
For runaway cracks R 0 without loss of generality and the integral (16) reduces in order.

Thus

h~~n) •-F(S) d F(R 1a) d F(a In)
J ao JO J U

SdF(0On) dF(S)I dF(ooin), (17)

where the last term is the concentrated probability that there will be runaway cracks during the

nth cycle. The second term is due to static load failures on an uncracked structure. In the first
term, a, is an initial crack which may be 0+A although the evidence indicates finiteness. It will
be important to discussions later.

Although (17) uses vector cracks, the loads there are scalar. The extension to several types
of load or modes of static failure has not been seen by the author. It seems most natural to
assume t'Vat each crack vector is associated with a random region in load space which is of course
associated with static failure. The simplest description of such a region would be a functionally
defined subset M(R) of some abstract random vector R, where

M(R) c Rx,

the load space. For example, if R were scalar then it rould represent a general scaling factor of
all fracture toughness associated with the cracks. With this formulation the first integration of
(16) changes to the region B(R).

The dissection of (17) is now less obvious but if it is assumed that all of the crack lengths
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and strength components of R are coupled, then the original strength should be associated
with a = 0, the absence of any initial failures. Similarly if any crack component becomes infinite
then, because we have assumed that all load components load every critical region, failure must
occur for any load that is applied except for cases of zero probability. The probability of runaway
cracks then becomes harder to define. The simplest notation for the event is probably

I -f1,. dF(a li)

in terms of the complementary event. With these extensions

h(n) fe f. ?,1 f(n, dF(S) dF(R la) dF(a In)

-tdF(O0n) fil(v, dE(S) j (I -f(. dF(a In)) (18)
where

C = (a : a, -< a, < a,} - R, with strict equality for at least one i,
B(R) c R8 , the region for static failure defined by abstract strengths R,
a. is a length defining runaway cracking, and
U eRn is the abstract ultimate when a = 0.

Now h(n) is a probability conditional upon the absence of prior failure whose probability
may be written I -F(n). Hence, assuming continuous cycles,

Pr(Failure at nth cycle) h(n INo prior failure) (I -F(n))
S:dFldn,

by definition, with F(O)= 0. The solution is

F(n) =- I -exp (-fo h(n) dn}. (19)

For the small probabilities of practical interest f(n) a, h(n) and there is also a noticeable burning-
in effect by which weaker structures are removed4 7 more rapidly than others. This process also
affects the average crack growth rates if it is assumed that failures are removed from the set of
fatiguing structures. Reference 5 discusses this briefly but more investigation is still needed.

Crack Growth
After the almost unnoticed advent of the Bastenaire view of cumulative damage 23 ,24 the

next breakthrough in fatigue theory was the publication in 1959 of a paper by Paris, Gomez
and Anderson4 8 which correlated constant amplitude growth rate with stress intensity. General
confirmation has continued up to the present in the sense that improvements must be framed in
the language of fracture mechanics. The empirical aspects of cracking have now shifted away
from the growth of particular cracks to the relation da/dnt vs. AK and its shortcomings. For
most materials, this has the form shown in Figure 4 and the first suggestion of Paris"0 was that

da/dn = cAK 4

which was still reasonable when AK was taken as the rms. value of random noise.3 3 In the
study of non-dimensional growth data it was noticed by Ford' and independently by Roberts
and Erdogan" 2 that

da/dn --- cAKmKmaxn

-... c(- R)" AKPN+n (20)

formed a good approximation to constant amplitude results for aluminium alloys. When
pit - it 2 this may be interpreted as a model in which da/dn is proportional to the size of the
plastic enclave and to the zone of reversed plasticity. This lends some theoretical support to the
original fourth power law but it is too inaccurate in practice.

A frequcotly quoted growth relation is that first advanced by Forman, Kearney and Engle"3

which forces an infinite rate when Kn,,a K,. Although this is intuitively appealing the rates
indicated flor high loads have little effect on averages and are actually overshadowed by retar-
dation effects. There is no general agreement that the empirical fit is good"' (see Fig. 5) and apart
from this it has been noticed by Cheverton" that finite though rapid growth rates obtain even
tip to the point of failure.

The non-dimensional pr'esentalion of data' is based on the variables t a / rd.

71 rMAJ I fu and for thickness r 1/r",, where ra and rfnafl are the nominal plastic wones
associaled with the intensities AK and A'K1,. and p, is a characteristic length.
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Convenience dictated the choice of nominal zones but the essential idea is that of geometrical
ratios. In Figure 6 it may be seen that f varies between 10 "1 and I, corresponding to rates near

thc lattice spacing up to Static failure which might be characterized by equality of the crack
i ~step and rmax.

The non-dimensional plotting highlights the now accepted fact that there are roughly three
main regimes which correspond to different growth mechanisms. One of these is a type of pause
abov' which the fatigue failure includes larger amounts of cleavage. This higher part also seems

to. be associated with transition to the 45' mode of propagation.- 6
,
5 7 There is also some

minimum AK needed for growth to start. Like the, other parts of the crack rate relation this can

be critically affected by environment.

Initial Length ao
Because of the testing time the slow growth parts of ý vs. i or da/dn vs. AK relations tend

to be ill-defined but there is a clear suggestion that any crack must reach a minimum length to

be "self-propagating". Reinterpretation of results for non-propagating cracks supports this and
since Forsyth60 it has been accepted that there are at least two types of crack growth in fatigue.

The lengths at transition and of non-propagating cracks tend to have the same order of magnitude
which in turn is similar to grain sizes and the range of surface residual stresses.

Thus with ver, small cracks there are many complications introduced among which is
their interpretation as cracks at all. When it is also remembered that da/dn cannot be integrated
from the singularity a = 0 of all known growth relations then the reasons for postulating a
minimum crack length become overwhelming for any fracture mechanics (i.e. realistic) formu-
lation of growth rate. However for the reasons above, the value of a, is extremely uncertain.

Each of the phenomena mentioned suggest their own version of a, which may be loosely

regarded as the diameter of the volume of material undergoing the damage before initial failure
(whose definition depends on a,). For maximum accuracy, it appears that ao should be chosen

as that length above which fracture mechanics adequately predicts da/dn. Fortunately it can be

argued (see below) that the damage rule can be modified to allow for changes in a 0 .
In the fatigue of practical structures the sizes r, notches, holes, etc., may also suggest an

a, based on a typical dimension of these.',' This would avoid calculation of intensity for

awkward geometries but it retreats from the ideal of structural fatigue based on true phenomena
back towards the present practice of adjusted comparative estimates of mean lives.

In the future it is most likely that the choice of a, will be aided by further investigation of

transition form Type I to Type 11 cracking, testing the limits of applicability for stress intensity
and simple ad hoc adjustments to lit predictions to test results.

Crack Closure and Retardation
It was first suggested by Elbert'I that during the growth of cracks under constant amplitude

the faces of the crack start to touch before the minimum load is reached: this was supported by
at, approximate finite element type of model.'- It has since been confirmed 6" 6 " and there are
now methods of estimating the magnitude of the effect. The most plausible viewpoint is the

model of Reference 65, in which natural elastic closure is prevented by plastic extensions around

the lip of the crack. The faces are wedged apart by deformed material near the tips which means
that even when the structure is unloaded there remains a residual intensity at the lip.

Under constant amplitude loading the effective intensity thus varies between this residual

value and the nominal maximum so that the range is less and the mean greater, than one would

otherwise expect. It follows that the removal of the residual intensity may allow faster propaga-

tion. Removal can be ellfcted by either a period of low amplitude cycling or else by negative loads

and after such procedures it has been observed that growth rates do increase."6-,"6
On the other hand, crack rates are dramatically decreased by preloading. This was first

noticed by Flardrath and quantitative models have been advanced by Wheeler and Willenborg

et a/.,"-" which are both based on the relative si/es of the crack step and the current plastic

zone. These models are empirical but there is a chance that extensions of crack closure studies
will also elucidate retardation and acceleration.

In practice. it has generally been found for fliuht-hy-llight sequences that the rate is fairly

well estimate(] by straight forward summation I)f individual steps,"' I"' i.e. the various effects

of randomness cancel. I lo%xcver, this rule of thumb is not absolule.

Ranikdm Loadv and Structural Flitletw
Detailed knowledge of cracking concerns individual striations or at most the effect of short
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sequences. In structural fatigue, the need is to estimate iergths over several hundred hours or tens
of thousands ot cycles for many levells of average intensity. Thus the micro-steps above must
be averaged over some hundred or thousand cycles after which these av'erages will form the
,Jerivatives in the partial differential equations for crack length densities. This implies the
existence of crack growth and stress intensity subroutines in the package for their solution.
Existing programmes for crack growth use cycle-by-c-ycle summation without regard for intcr-
actions. For the present this is adequate apart frmn the possible penalty in computing time but
more knowledge of small scale statistical struciure of the growth striations would be useful.

At present the theory of structural fatigue can allow for small scale randomness in da, dn
but there is evidence"0 that each crack growth specimen has its own general crack rate as well
as the small sariations between successive cýcles. The type of allo',ance in structural fatigue
foi such "random averages" is uncertain and the random or batch effects on dajdn need to be
studied.

5. GENERAL THEORY

By 1961. all the ingredients for a rational theory were available namely differential equations
for crack growth. cumulative damage for the distribution of initial failures and the given stress
analysis. In the present discussion we have minimised thz role of stressing by relegating it to
the class of solved problems or, more accurately, those to be solved by others. The effect of
stressing erro.s. which can include neglect of notch root strains, plasticity. etc., is similar to that
of dimensional errors or of "random averages" for crack rates: outputs change but not the
methodN.

In 1967 the author presented a thesisi in which the two streams of canonical damage and
crack growth were combined. The appro.'ch was to assume that da dn was a determinibtic
function of crack length (on the macroscop.c scale) and consider the growth of a crack whose
randomness was entirely due :o that of the *,ntial failure, i.e. f(t) (t - initial lives) was the
derivati.e of canorical damage. and the crack vector at time n depended deterministically on
the multipoint initial failures t.

By analog) with the probability trarsformation in Ntatistics it is useful to introduce the
concept of fatigue as tht. sedence of tran-formations or mappings:

F - t --- a n -. h(n) ,f(n), N cracks,

where reliability spaces for h(n) and f(n) have been added to the original list. The first three
terms are the damage hypercube {0 < F1 < I L, initial lives in R.v. and crack lengths at n cycles,
also in RN,.. If it is assumed that the density of canonical damage in the hypercube is uniform,
which amounts to independence between damiag,. at critical points, then an almost immediate
consequence is the independence theorem which states that

.Alt) - fl(tI)f 2(t2 ) . . .f/ .(t,,), t 2  { r, . . .f o}. (21)

The proof follow, from the facts that the right hand side is merely the Jacobian of the trans-
formation F -ftt) and that f(F) - I. Obviously it depends upon the differentiability of the
mapping and the number of cracks N but the truth of (21) is not changed. f'(F) =- I means
that each critical point is constructed from random batches of material.

Similar attempts by the author to construct a Jacobian for t , a ;I have been unsuccessful.
Another approach is to choose many damage vectors Fj -- (/lf1 ý say and integrate the damage
equations from F(O) - 0 until the components of damage reach F1, in turn. The time of each
occurrence is rjj and subsequently this crack component, being non-zero may be "grown" so
that the set of cracks al thus produced at time n is a mapping

part of the fatigue of a particular specimen. The average ovet j of several D.P s fioni such
calculations is a Monte-Carlo solution for the average crack len3th and f(a:n) is also estinatAd
Although this approach is potentially useful at least to chc:k other reth,,-xs it has not beer.
pursued.

In the section about crack growth, the impoitarcr' was strcssed J.f the ii,itial crack ao.
However, there was some latitude in its choice since errors here could be compensated ;n the
canonical damage. Physically, the dcisity of car. umtic"l damage is made to contait. all tic proba-
bility mcasure associat.. i with cracks of length less than a,. which lie on tnc same tijectc.-y
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(Fig. 7). In practice this depends on hasing some knovslcdgc of the propagation of such micro-
cracks and the actual distribution of initial cracks, i.e. f(a). However, experience with life
prediction should enable direct adjustment of the damage rule and a0 for bcst results. It is likeiy
that the construction in figure 7 could be elevated into an existence proof for c;:nonical damage.

Crack -Damage Equation
Because the statistics of loads arc either stationary or else kno%4n Aith regard to time and

because crack rates are meant to be averaged over some hundreds of ccles, the differential

equations for cracking take the form

da,dn = R(a), *(n.) - a.,

where one component of a. is au. Similarly for damages

dFdn A(a, F), F(O) - 0. (22)

But these apply io a particular case. In the crack-damage theory of Reference I, (22) was general-
ised to apply to arerage cracks and damages. This couples the t1%o equations into a combined
system of order 2N of the form

da dot R(a) : aA(a, F), 2(0) 0 0.

dF dn - (a, F), F(O) 0, (23)

the crack damage equations. It will be noted that the averaging has changed the original homo-
geneous equations into a single initial salue problem with a forcing function coupling the two
parts and proportional to a.. Unfortunately the solution of(23) depends in turn upon solutions
of 2`--I similar sub-problems stemming from the presence or absence of cracks at various
critical points. This can be circumvented by approximazion but the consequent algorithm is

complicated and still approximate. Hos, eer, one result that folloss from (23) is that a!l moments
of a(n) follow from linear differential equations %,hich depend recursively upon the solutions for
lower moments. One important conclusion is that much of the scatter in s(n) is caused by the

presence or absence of the other cracks.

Markotian Formulation

After the crack-damage equations (23), the next breakthrough was the realisation that the
system (22). exact within the present context, specifies a Markov process %kith the state vector
'a, F) in R 2 .,. For one crack, consider the probability density of a at times n and n -dn (Fig. 8).
confining ourselves for simplicit. to deterministic growth. For such cases

Pr(a <_ Crack length _< a do) f(an) da

-f(a : dan dn) (I (dR'da)dn) da

zf dJR- _f(a) - R(a) • d,1"f a'--fdnll -" ] R dnI' da

Da oa jI Ida

which has for a limit the linear first order Chapman-Kolmogorov equation-"

I Of R(a) Zf dR (24)

f "n f oa da

where dR'da is a known function of a. because the crack growth law is an input to (22). The
characteristics for (24) follo%,7t from

dn -. da, R(a) - -- dff R'(a) (25)

and the initial conditions for 124) from Figure 8 are

f(ao0 n) f(n).R(ao).

The first rquality in (25) indicates that the crack trajectories are base characteristics whilst the

second with the initial conditions included shows that

f(a t) m- f(nt),R(a). a(nt) - ao. (26)

,'long the crack irajectort'. In (26)f(nt) is the initial failure density (or canonical damage) at nt.
the beginning of the crack through a(n) a.

When tl.ere ai" seseral cracks (24) becomes
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I L\' R1(a) ýf _ _ R,(a) (27)
f ,n f a ,

where the left is the total derivative along the crack trajectory and the right hand side is a
divergence or dilatation term. The alternative form of (27) is

D/Dnlogf • -divR

which is analogous to the linearised equation of continuity for compressible fluid flow.
The initial conditions are complicated by the fact, that corresponding to the sub-problems

in crack-damage theory, there are several subspaces of the crack-space with successively fewer
cracks. During the fatigue process several of these are traversed in turn as more cracks begin
and for each new crack there is a set of new boundary conditions which must arise from the
solutions of canonical damage equations coupled with the growth of existing cracks.

6. FUTURE DEVELOPMENTS

Equation (26) can be applied immediately to reliability calculations,* and with change of
variable it also applies to other less realistic crack models in use now. To complement this, the
solution of (24) with various right hand sides has been programmed and a package for the more
general (27) is being developed for N = 3.

In structural fatigue and reliability, the concept of runaway cracks needs to be included
and generalised to cracks joining each other.

However, the most pressing need is for data that truly relates to the two stage fatigue
process and its details. It is 15 years since Forsyth categorized crack growth and 40 years since
Langer, on the evidence of his day, proposed that fatigue involved at least two stages. It is
therefore disappointing to know that there is virtually no useable engineering data abiut initial
failure for ccmmon alloys. Equally important, though less disappointing because this recent
problem is attracting attention, is the need for a reliable engineering theory of crack growth
under general load sequences.

Part of these deficiencies may be remedied by the inverse use of structural fatigue but pro-
vision of data is no more part of it than measurement of E or 1- is part of elasticity theory. Succes-
ful application of theo.-y requires data gathered for the purpose, that are preferably compatible
with solid state physics, fatigue is now a large interdisciplinary subject whose further progress
implies that those who actually and rightly specilize develop some appreciation of all its branches
including structural fatigue.

The addition of a reliability term to (24) has proved simpler and more significant.
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DISC•SSION

QUESTION -H. A. KVilh
(Retired)

What precisely is required a. to the nature of damage and crack propagation aata in

order to make practical use of the unified theory ?
What parameters are needed from the metallurgists to define crackless damage and crack

growth ?

Author's Reply

Because canonical damage is the distribution of initial ife, once this is defined, an) set of
initial lives which allows estimation of the sca:ter at several load levels will allow the construc-

tion of a damage rule. If the data exists such rules may be extended to initial failure below the

fatigue limit. For Miner damage only the mean S-N curve is needed but this involves some

assumptions about the life distribution, as described in the paper. Naturally the more that is
known about the initiation phase the better the rule that can be constructed. Although I have
not investigated it in detail I also I.-el that the S-,'4 data need not necessarily be couched in terms

o5 constant amplitude loads: independent programmes or randorrised loadings may also suffice.
All these remarks apply to one-parameter damage. For higher dimensions, other dimensions of
daza are also needed and one must be closely guided by the metallurgists. Further investigations
here should be interdisciplinary and include some statistical considerations.

Similarly, Aith crack growth simple dadn data for various stress intensities is enough if
simply additive rates are assumed but the outstanding problem here has probably been rec- g-
nised as that of retardation and interaction generally. On the other hand the statistics of crack-
ing have been neglected even at the level of differences between average crack growNh curves for

different specimens.
It is planned that the first implementation of the theory will use Miner damage for the

initial life distribution and straight-forward da dn data with simply additive rates. The next

stage will then introduce retardation of crack growth and Neuber-Topper-Wetzel notch root

analysis for improvement of stress analysis for initial damage.

However, the initial failure data obviously depends on how this is defined, which is related
to the value of the initial crack length a0 . These are both the domain of the metallurgist but the

choice must also be influenced by engineering and the mathematical convenience, which is one
of the advantages of a tvso stage theory.

One approach to the idealized initial crack length is as a scale length for material or struc-
tural inhomogeneity. Another definition is that crack length above which fracture mechanics

provides a reasonable description of crack growth. From Figure 7 it can be scen that the damage
rule also depends on a, and it is possible that the primary choice will depend on metallurgists,
what they can discover about crack initiation or, as some would have it, on the distinction

between macro.- and micro-cracking.

QUESTION-J. M. Finney
(ARL)

Mechanistically it iq fairly clear that fatigue cracks both initiate and propagate by the local

irreversibility of plastic deformation. Thus, in a real, physical sense, fatigue cracks initiate in
the first cycle and there is no such stage as initiation. A major problem of course lies in~quanti-

fying the early rates of crack propagation, but the techniques of obtaining such data are not
part of your theory.

With this concept, is it possible to simplify your theory by deleting the "so-called" damage
stage ?
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Author's Reply

From a mathematical viewpoint, deletion of thie damage stage is rot a simplification. The
idea of having two stages is that they can be described by two simple laws better than a more

complicated one can treat the whole process.
Both of these stages certainly proceed by irreversible plasticity but this is not synonymous

with cracking, in the engineering sense at least, and in the real physical sense the early stages of
fatigue differ from the later ones. In crack growth itself there are several stages and it has been
shown that there is much more scatter in the times to reach small crack lengths than there is in
the subsequent growth times. The idealization of this situation is that there is a period to initial
failure which randomises the system followed by cracking which couples the fatigue sites in the
structure. It is mathematically convenient to dichotomise these and semantically useful to name
them differentlv as successive stages of "fatigue".

Within this terminology "initial failure" may include microcracks in which case their
quantification amounts to the derivation of equations governing "damage" as defined in the
paper. As mentioned in the introduction, the best division between these is still a matter of
research and experience. From Figure 7 it may be seen further that the damage law depends on
the definition of initial failure; conventional analysis now postulates a single stage of damage
with ao the size of ýhe structure. Subdivision of this must be an improvement, but Dr. Finney's
remarks should remind us not to tie it to convention.

QUESTION-A. K. Head

(Division of Tribophysic.i, CSIRO)

Most people think of damage as a one-dimensional measure by which the amount of
"damage" in several specimens can be put in order.

The literature, however, contains many instances where ordering is not possible so that
damage must at least be described as a vector. Is the set of damages you postulate simply the set
of one-dimensional damages at each critical point?

Author's Reply

Not necessarily. The Bastenaire damage of Section 3 is most generally a vector for each
critical point. Each damage vector leads to an initial failure probability which is a component
of F later on. For simplicity however, this generality has not been maintained but it introduces
no further difficulty.

Incidentally, the instances of multidimensional damage in the literature probably refer to
final failures which combine our damage and cracking stages.

Dr. Head--Yes probably. Do you know of any work to establish the dimensionality of damage?

Author-No.

Dr. Hlead-Would you consider this to be one of the current problems of damage theory?

.luthor-Yes.
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AIRCRAFT STRUCCTRAL RELIABILITY AND

RISK THEORY-A REVIEW"

by

F. H. HOOKE

SUMMARY
Evaluation of the s. r�ctura1 reliability and probabilitg of failure during the lifetime

is a sogi�zical exercise bard upon load hic for; data and strength decay properties known
or attributed to the siruc tures in qu"stion. Reliability theory avoids she need for arbitrary
decision regarding the level of st�c�gth deterioration assumed to render a struuure

unarworth v.
Sr defining failure to occur whenever a structure has imposed upon is a load larger

than current strength, it pro ildes a mathematically exact evaluation of the instantaneous
risk (if.c ra'ic ultimate failure and of fatigue failure, and of the long term reliabilities with

respect to fadure in either niode, on the baiis cf g,�'n data. The method dispenses with
arbirrare 'carter factors. though equiiatcnr scatter factors map be detc rmined from the
relation between rehabdiry and age if desired. The fatigue sensitivity of a structure is
characterised be the relationship of fatigue failure risk to static ultinsate failure risk.

Structures initially ulsimate-load-faiiure-sensitii'e tend to become fatigue-sensitive as

thee get older
Fatigue risk is reducible in fail.safe and inspectable sructures, but onh in so far

as (-racking is H ohio the range of in-service detectability. The variability of structural
strength (whether present initially or resulting f'om vatiat ion in the rates of strength
decac) causec a variation of the risk over the population. vi:. a higher risk over weaker
mencber� ana vice verAa, which leadi to a mare rapid depletion of weak or members of
the vopulation. Risk averaging leads to over conservative estimates and to over
frequent inspection requirc-ncents. Cot�dence in the- efficacy of inspeet�on in pre venting cata-
strophic failarc-.s i.� related to ihe length of time, and the di.qribug.ji, of that length of
time, during which a crack is inspectable and vet no) unsafe. lime tofirsi failure statistics
are directly related to the expectation of finding a crack when inspecting as a nominated
time.L Reliabiht,' of reliobilitv estimates is examined, and is shown to be ussvally limited
by sampling problems and arbitrary judgments concerning the attribution of properties
to the population in question. The estimates are con�pared with those derived be semi-
probabilistic or limit anal esis methods.

299



SYMBOLS

A, B. C Constants
Subscript o Refers to ,irgin strength and constant strength, with the exception of nl,
Superwcripts Refers to mean or median

Refers to time averages
P( V). Pt V C.0 ) Probability that a load in the sequence will exceed V or V'; 6,
H Stre:.gth-deca5-time parameter: time in which the member's virgin strength.

U., falls to an arbitrary fraction, say 2U.,3

R Median value of H
Hid Time taken for a crack to reach delectable size
Hi Time in which a member's strength falls to zero; is related to 11
H, Crack growth time for component removal
Hw Time taken for the crack in a member to reach the threshold size for strength

deterioration
n)([) Frequency per unit time of loads > V
nio Frequency of occurrence of loads greater than the load measuring threshold
n Number of applied loads
f(u!).f(t) Density functions of U., H. etct

F(n), F(r) Probability of failure from zero to cycle n or time I
r(I) Risk rate. instantaneous average risk rate
i Time averaged risk rate o,.er a period of time
r V(I .o) Risk rate conditional on L.,. with strength preserved: i.e., risk on an element

f(U0 )d' 0 . %hose strength remains at U.
r,,4t) Instantaneous average risk rate with virgin strength preserved
r(t Uo, H) Conditional rink rate. given U and H; i.e. risk rate on an element initially of

size-f(L.. )fAH),,dH whose strength is U.' at time i
.X•;•, ,,: .-mata cr..,:,cus mnstz.,,,,'f,.', ,"rk rate

R(.), R(i) Total reliability at tim." n or t
RU 1'-. I) Conditional reliability given U.' and H: i.e., reliability at time ir of an element

Ro(i UO) Conditional reliability, given U1. constant: i.e., reliability at time t of an element
f(Uo,)U, whose strength is preserved

R,- (t) Reliability at time r after a,, inspection a! time 1'.. as a fractio., t-f ori-i'ial
total

R',(,) Reliability at time r after an inspection at time Y, as a fraction of the survivors
of the inspection

R,4) Approximate or erroneous reliability
Time

uI, U0. Uo Strength, virgin strength. median virgin strength
Fraction of a population having a risk r,

nl Product of similar terms
" ÷Crack growth function
1'Strength decay function (of crack length)
C Strrngth decay function (of time)
N,. Ri Crack initiation time, and median value
k Nti'H. fraction of H concerned with crack initiation
kd H.H/H. fraction of H occupied by a crack reaching deteciabie size
kw H.,H, fraction of H occupied by a crack reaching the size at which weakening

ComMlences
kr Hr/H, fraction of H during which crack is below size for component removal

and replaoemnent
F4T,Ue) Probability of Failure with virgin strength preserved
FA.(T) R(-GRT) --R(T), probability of failure due to weakened structures
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1. INTRODI ICTION

In common parlance "reliability" means .'trustworlhy" or "'dependable". in a person it
implies that he may be counted on. that what he says is true. or what he says he will do will be

done, without doubt and without fail- The confident expectalion placed in a reliable person
hopefully removes the outcome from chance, from luck or from risk. "Unreliable" describes one
in whom dl is a matter of chance whether or not what he says is true and what he says he will do,
lie does. Thus in the non-technical context reliability goes with cxpected certainty and un-
reliability goes with certain chance.

In engineering and structural contexts the shades of meaning are different. "Reliability" is
applied not to determinate processes but to those involving chance: the "reliability'" of a device
is a quantified statement of the probability that it will perform its desired function for a desired
period' (and often this period is its "life"): "unreliability" is the probability that it will fail to do
so during the period: and "risk" is the probability that at one of the sequence of event, compris-
ing its life experience, or during a short elementary interval di of its life, it fails to perform its
function. "Reliability", "survivorship" and "probability of survival" are synonyms, and their
complement is "probability of failure". "Hazard rate", "mortality rate" are ssnonvms for
"'risk".

Reliability theory ("risk analysis") is concerned with the inter-relationship between risk at
each event or in each short interval in tIe life experience and probability of failure (and ipsofacro
of reliability) during the extended life period. The analysis may proceed from nsk to reliability

or vice versa, depending upon the purpose and data available. "Risk" may also be extended to
include the probability that, at the next occurring event, there will be found signs of impending
failure, though the member is not yet failed. If such a sign is observed, repair or replacement may

precede failure: in this circumstance unreliability is not incompatible with safety.

In some cases, such as, for example. the game of roulette, the probability of a player's
stake surviving over an evening's play can be calculated a priori, ssithout an) prior experiments,
from only a knowledge of physical and geometrical constants which describe the conditions
determining the risk, and the number of games he enters. More commonly future reliability is
estimated upon observations of past performance. The reliability (in the normal sense) of an
estimate is quite distinct from the numerical value of the estimate, and the use of the term
"reliability" dues not itself confer precision upon an estimated ,eliabilit).

In the field of electronic engineering, in which reliability theory, by that name, was developed,
multitudes of actual components drawn directly from the production lines are regularly endurance
tested to provide data on the risk of failure, as it varies with exposure time, and the sampling

error of these data is small because of the largeness of the samples. By contrast, in engineering
structures, and particularly aeroplanes, it has never been Fossible to take from the production
line and test samples sufficently numerous that the statistical properties of the total are well
established- in the case of aircraft structures, commonly, only a single sample from the produc-
tion line is tested; this provides a rather imprecise estimate of average performance while other
statistical parameters such as variabilities in strength or endurance must perforce be attributed
to the population on the basis of personal judgment, taking into account the results of tests on
other structures whose resemblance to those in question may be sometimes close and sometimes
"je n-- sais quoi".

Much of electronic component endurance testing involves placing the component under
constant stress (on normal electrical supply voltage, or perhaps a higher voltage, to accelerate
the test) and observing the life to failure. Structural endurance testing is more complex, because
it aims to reproduce more properly the timewise variations in load or stress which are known to

occtur in the service hWstory. The service loads arise from a number of causes. but the most numerous
ones acting upon civil aircraft are gust loads and on military aircraft are piloW induced manoeuvre
loads. These loads have characteristics common to rraturally occurring processes: they have no

precisely definable upper limit (as for example the mathematical flea which at each jump jumps
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half the di't .. e to his target). Their upper limits are more akin to the records of Olympic
athletes: although the majority of athletes cannot reach record performance, the achievements
of ',he extremes gradually increase with increasing time. It follows that whatever required
ýtrength values are set for design purposes there will occasionally be failures through the applied
loads exceeding these values, and the service records of both civil and military aircraft confirm
this fact. Customarily the compliance of a particular design with strength requirements is
verified by a static virgin strength test programme, and its endurance is verified by a fatigue
test programme of varying loads, the largest of which is never as high as the load level expected
to occur once in the lifetime of a fleet -more often the largest load is at a level expected to be
exceeded on the average about ten times in the lifetime of each aeroplane. It is generally con-
sidered that an endurance test limited at this level will not. throtigh residual stress or retardation
effects, favourably influence the life-to-failure result, so that it may be taken as a fair average
estimator of fleet endurance.

Thus, on the assumptions that the static test strength is the population mean virgin strength,
and that the probability distribution of strength and the load frequency distribution are known,
reliability theory may be used to calculate the reliability under loads greater than the virgin
strengths. Assuming also the strength decay properties of the set of structures, and assuming that
a failure occurs whenever a structure suffers a load greater than its current strength, the theory
may be used to calculate the total reliability allowing for above-virgin-strength failures and
failures under loads less than virgin strength, whether these loads are higher or lower than the
largest fatigue test load.

In the case of some electronic components the phenomenon of "burn-in" is exploited:
components after manufacture may be subjected to a period of operation at higher-than-normal
stress. Some may fail, but the survivors, when put into service at normal operating stress demon-
strate enhanced endurance and greater reliability than those not so treated.

Comparable phenomena are autofrettage in gun barrels and preloading in structures, though
engineers are wary of taking advantage of such an effect with structures in service because of the
uncertainty that every member of the population will enjoy the benefit. Test programmes need
to be most carefully examined to see that a test specimen is not thus benefited if the treatment
is not to be later applied to the total production, otherwise reliability predictions will be totally
falsified.

The criterion for a "safe" operating period will depend upon what is regarded as an accept-
able probability of failure or an accepted reliability over that period. To accommodate widely
differing operating periods the criterion may be expressed as an acceptable average risk rate per
hour, and the criterion has sometimes been expressed in terms of acceptable instantaneous risk.
Over the years various authors have proposed various levels for the reliability or risk, and the
figures finally adopted usually involve some consensus of personal judgments.

Thus in any particular structural investigation, computed values of reliability or of risk,
and corresponding safe operating periods, are estimates, uncertain because of the presence of
sampling errors and of personal judf;ment. The field is one where it will never be possible to make
estimates without sampling errors and personal judgments. Nevertheless it is appropriate that
attention should be given to the reliability of these estimates, lest the user should unwittingly
attribute the precision of the mathematics to the calculated estimates.

2. BASIC CONCEPTS OF RISK AND RELIABILITY

In matters of mortality, the risk rate (r(t)) is the ratio of the number of deaths per unit time,
at time 1, to the number of the population surviving at that instant. In matters of structural
failures it is the ratio of the number of members of the population failing per unit time at time I

to the number surviving unfailed to that instant, or, as in fatigue, where a specimen's age
and endurance are expressed in numbers i of cycles of applied load, the risk rate r(n) is the ratio
of the number failing per load cycle at cycle it to the survivors at cycle n. It is the proportion
of those surviving at cycle (ii-I) which is expected to fail at the nth cycle: thus also it is the
probability of failure at the nth cycle of those then surviving.*

One may think of a biological population as it suffers the risk of death by contagious

* For a sequence of discrete cycles, the upper limit of the risk rate is obviously unity. For

continuous time, if there are in, cycles of load per unit time, the risk rate has an upper limiting

value of int.
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disease which attacks everyone regardless of age; in which case the population being studied
does not need to be characterised by the age of each individual: the risk is only a function of the
exposure time. Or. one may think of the risk of death from old age, in which the risk is associ-
ated with the age of each individual, i.e. both the risk rate and the proportion surviving ire
functions of age.

In the case of material failure through fatigue the risk of failure at the next cycle to be applied
is a function of the load cycles endured since new. If, as in the case of aeroplanes, exposure to the
load history is logged in hours and the load history is recorded as occurrences per unit time,
the risk rate becomes a function of the individual's exposure time and its "endurance" or
"fatigue resistance".

For reliability the symbol R(t) or R(n) is used herein, and F(t): I -R(t), or similarly
F(n) is used for unreliability, viz. the probability of failure in the interval from time zero to
time t or cycle n.

Let us consider a population of equal and constant strength 0 subjected to a sequence of
random service loads V (i.e. the magnitude of loads in the sequence is a random variable) then
there will be a certain probability r that the load occurring next will exceed C1, and therefore
will cause failure at that event. The probability of survival is (l-r) and the probability of survival
of in such events is (I -r)n, so

R(n) = (I -r)" (I)
and approximately

= exp (-r ni) (2)
provided rn is small and n is large compared with unity.

If the risk is not constant but is a function of age n, i.e. at n --- I, 2, 3 ... risk is r(l), r(2).
r(3).

R(n) - I -r(I)) (I -r(2)} {I -r(3)}...

- ({I -r(i)} (3)
i--I

where I1 signifies the product of terms like { I -r(i)}
and approximately

R(n) = exp -{X r(i)} (4)

where, as above, r(i) is small and it is large compared with unity.
Writingf(nj as the fraction of the original population failing at load n,

f(n) R(n-l)-R(n)
n-I

- ' { I -- r(i)} . r(n)
I"1-

R(n -- I). r(n) (5)
And thus

•-r(,) r.= f(n)/R~n-- I ) =-:f(n)/{ l -F(, --. l)J (6)
In the limiting case of large n, and in mint, V being continuous, the RHS of (6) becomes the
derivative of In (I -F(t)}, whence

T

0R(T) e= CX -f r(t)dt) (7)
it should be noted that, in (6),f(n) is the probability density function of time to failure:

f(n)dn is the proportion of the original total which fails in the interval dn, while r(n)dn is the
proportion of survivors at cycle it failing in the interval dn. It will be appreciat,'d that at early
times during which the population is not sign;ficantly depleted, i.e. if R(n) is sensibly equal to
unity, one may approximately equatef(n) and r(n).

2.1 Mixed Populations with Different Risks

Many problems in textbooks of reliability theory concern populations on which the risk
is uniform at any instant of time. In problems of reliability of structures, however, the strength
at any time is not in general uniform but is randomly distributed, so that the risk is also random.

Suppose that the population consists of fractions a , .&J., Cq with risks r2, r2 , .rj. rq,
q

where 1 -j=I.
)-I

The proportion ofr j surviving the first load is
R~j (1) = I--rn (8)
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The total survivorship of the first load applied is

R(l) . .j{lI -- rj} 2J - rj (f)

I - j-rj (10)
j I

Now

jrj= () (II)

the average risk at load I.
While, of course. the average risk conveys the idea of the fraction by which the whole population
is depicted at the first load application, each element a, is acted on not by the average risk but
by its own risk r. To assume that all members are acted on by the (instantaneous) average risk
would be to assume that all fractions or are equally depleted by the risk at the load cycle being
applied. so leaving the probability distribution shape of the ars unchanged. It is clear, however,
that the aj subject to the greatest risk must be most depleted, and vice versa.

Similarly to (8), the proportion of the original element ,j surviving to immediately before
the (n . I)th load is

Rj (n) = (I -rj)"

The total survivorship at the nth load is:

R(n) = M I - rj)" (12)

The average risk at the nth load is:

Srj=j( I - r/))

r(n) -. - (13)
, ,j(l -rj)n

I I

In the abo~e expression R.,(n) !s, the measure by which the original fraction 3, has been depleted

b) continued exposure to its risk; those members having the smallest risks will have been least
depleted. As before, members are acted upon not by the average - sk r(n) but by their own risksk

If one had adopted risk averaging at each applied load in determining survivorship. the
(erroneous) surnivorship at the Pith load is

R,{n) -( {I-f(1)14n (14)
If r and R are functions of continuous time then Equations (12) and (13) may be written

T

R(T) 1 xj exp I-Jrj(t)dt} (15)
0

and
T",: rtj~ exp - rj(t)di}

r(-) - 0 (i6)
. j exp {-f rj(t)dt}

0

3. STRUCTURAL MODELS AND RELATED FATIGUE RISK AND RELIABILITY
ANALYSIS

Conventional semi-probabilistic analysis takes cognisance of ultimate load failure and ol
fatigue failure: the ultimate load failure risk is calculated from the frequency with which the
estimated mean ultimate strength is exceeded, and the reliability and life are determined having
defined the structures to be unsafe when their strength has fallen to some arbitrary level, for
example, design limit strength' or some other fraction of limit strength.- 6 Conventionally the
mean endurance and the dlspersion or "scatter" of endurance are estimated on the basis of
tests, and it is the magnitudes of loads in the sequence defined for the test which determine to
what level the strength will have fallen at the test "life". It is not hard to estimate the test life
to any other reduced strength level.
By contrast, the reliability theory approach calculates reliability assuming failure to occur
whenever a structure encounters a load greater than its current strength, whatever it may be.
The risk of ultimate load failure is the risk of failure under a load greater than the virgin strength,
and it can be estimated throughout the lifetime assuming that members retain their virgin strength
throughout. The actual fill of strength arising from fatigue increases the risk (and decreases the
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reliabilit%) In this report the ftigue ribk ih taken to be the excess of total risk over the risk of
lailure with virgin strength preserved, and the unreliability due to fatigue is !he excess of total
unreliability oser the unreliabilit) with virgin strength preserved.

The calculation of rchability requires an applied loads frequency model and a struitural
model defining the distribution of virgin strength and its decay as crack growth occurs.

Aircraft load frequency information is usually a\,ailable as "spectra- of frequency per uni
time re(V) with which load levels V are exceeded: a method of presenta.ion which makes the
data independ", ' of the class intervals of the observations. Experimentally there is a lower limit
to the sioc of loads measured and me is the frequency with which this level is exceeded. Smaller
loads do occur, but their frequency can only be estimated by extrapolation. The data may be
expressed as cumulatise relative frequencies P(V). where P(i'; rm( I') i,. Clearly Pi [) is a
probability - the probability that an applied load will exceed ;', and it is therefore the risk of

failure at one application of load upon a structure of strength V. Or, if the distribution of loads
is defined bh its density function f(tL), and F(i') Jf( ') d c'. then

I F(<) . f'R 0 f(V)dV PlV)

In service usage the aircraft may undertake a variety of missions. and these may be included
indiidually and representatively in the fatigue test history to determine structure mean
endurance. For reliabilit, and risk estimating these data are compounded into a single sequence-
independent 'spectrum".

In transport aircraft problems the wing load spectrum is usually available as an exponential
expression similar to

,n( V U0 ) exp (A-B V r ,, (17)

where CU is the average or median virgin strength (see for example, References 2. 3. 7. 8. 9. 10).
in combat aircraft the spectrum ha, sometimes been defined as exponential,'( binomial or b\
an empirical curve 9

A realistic model for the strength decay properties of a family of structures is less easy to
categorisc. In an early reliability analysis Ford' assumed uniform virgin strength and a general
and consta.it decay rate of strength with time of the form d dt(tU ,U) -- I R. immediately
from time zero. Lggwertz' assumed uniform virgin strength and a log-normal crack initiation
time, after which the strength decay rate was general and constant. One may surmise that his
model %,as based on the research of Weibulli 2 Aho showed that with mildly notched specimens
scatter in initiation time far exceeded scatter in propagation time, while later work by Pook"
and others has shown that in carefully made small laboratory specimens there was ,irtually no
scatter in crack propagation rate.

Hookeiu assumed uniform virgin strength, and a log-normal distribution of test life to
failure (at an arbitrary test load) while Diamond and Payne" and Hooke" assumed that the
structures had distributed virgin and residual strengths and a log-normal distribution of the life-
time for the strength of structures of median virgin strength to decay to an arbitrary lower level,
as it would in !aboratory test. This log-normal distribution of lifetime was taken to apply to
both initiation and propagation. and appeared to be more in accord with observations of crack
propagation in aircraft structures tested under multi-level programme load tests. i" Several crack
propagation and strength-decay functions were investigated, representing ultra-high strength
steel structures to which linear elastic fracture mechanics theory is assumed to apply, and
aluminium alloy structures whose fracture and residual strength behaviour is nearer that of
ductile materials.

This study will be concerned with a single critical location, and the structural modelling
will be generally that of References 9. 10 and 13.

The assumptions are as follows:
(i) The virgin strength U. is distributed asf(U,), with a distribution which may be normal,

log normal or Weibull form. Normally a static strength test will provide an estimator
of the population median virgin strength but the distribution shape and standard
deviation will usually not be available for the structures in question: this lack may be
alleviated by the selection and adoption from other test series 1 ,20,.21. 22.2,2 4 of test
results from structures which are deemed to be the most similar to those in question.
The standard deviations of vanous test series vary more than five fold. For the purposes

of this report, the figure of 0-03 for the coefficient of variation of strength of metal
structures has been adopted (after Reference 15). The shape of the distribution is
uncertain, because of sample smallness. With a small value of the coefficient of variation
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such as 0-03, three of the commoner distributions mentioned above are not very
different.

(ii) The decay of strength of an individual with time cannot be measured, for its strength

can only be measured once. The decay of strength uf a population can be measured

in a statistical sense, and a series of endurance tests will determine the mean, variability
and distribution of the time for the strength to fall to the failing strength on test. which

is often the highest load in the test programme. A single endurance test, as of a new
structural design, will give an estimator of its life (to this critical strength level) but

estimates of the scatter will need to be sought elsewhere. 2,,. 2 S 2 6 2 7

Strength decay is a function of crack growth, and crack growth is often measured
by observation during the test or by fractographic examination afterwards. Although,
in general, a member's strengtil decay rate is not scaled to its crack initiation time, this

will be assumed in the analysis of this report.
Crack length a- a function of time is expressed by the function

,r = H) (18)

as shown in Figure la, where H is the time during which the crack length grows to the
critical length, as defined above, viz. that at which the structure of median virgin Afrength
has its strength fall to, say, limit strength or to the highest load in the test programme.*
In r-ccord with the results of tests on structures, H is a random variable, and an often

adopted assumption is that it is log-normally distributed.
The decay of strength is a function of crack size, so we may write

U/Uo :•[tr)• •¢tH) : 90 (19)

as shown in Figure lb.
Allowing for the variability of virgin strength about the median virgin strength G0

one may write
Uwo - UoOo [6(¢(r 0 H)( (20)

or
ý-- U0!Oo (t(H)] (21)

as shown in Figure Ic.
It will be seen that this model allows for any type of median crack growth, including

one with a crack initiation period, ý,, c, (, and the time I will be determined from test

results: it also allows for variability of virgin strength U0 about the median 0o" it does

not allow crack propagation curves to cross (for a structure whose crack grows faster

than another at one point in time will always do so) and it makes the residual strength

of a structure at a variable time always to bear the same relationship to that of the

structure of median strength as it did originally.

(iii) The limit to which any crack could grow is t., the length of a crack right through the

structure. The associated time is HF. Because any structure with decreasing strength

would have failed earlier as a result of a high load, the probability of a crack reaching

I,. is effectively zero.

3.1 Risk of Ultimate Failure

If the structure is assumed to have non-deteriorating strength (and ipsofacto, it is assumed

that fatigue cracks do not initiate), then the risk of failure concerns only the distribution of virgin

strength.
For the load spectrum (17) the risk at time t on an elementf(U,)dUo of the population whose

virgin strengths are U., is
rv(t.UL) = m(U.IO,) ý exp (A -B U0,/O0 ) (22)

or in general,
ro([;Uo) = Pmo{I -F(Uo/!O)}

From (7) the reliability, conditional on U.,, i.e. of the elementf(Uo)dU., is:
Rv(t.Uo) = cxp (-m(U.IO,)t) (23)

and, averaged over the whole population, is:
R.(t) = J; exp(-,n(u O,). i}f(ub)dU. (24)

* Mathematically, crack growth time may be characterised equally well by the crack initiation

time Nt. Experimentally Ni is difficult to determine and is often not determined.
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The initial average risk is obtained by averaging over the whole range of Uo, thu:

r,,(O) f " f (Uo)d U .0 (25)

Since the element. which initially comprised a fraction f(Uo)d Lo of the population, comprises
at time r onlyf(U.)dUo -R(t U.), the average risk at time t will be

f •o m(L0). R(t U0) .f(U.) dUo,r0 (r) = . • R0(t.Uo) .f(Uo)d LI (26)

f 0 ni(U U). exp (- C((U"O,) f~f(Uo,)d U(2

f. exp m(-Uo,'C0o)tIf (Uo)dU 0  (27)
d

-dt R.(t) (28)

Ro(t )

It will be seen that the density function for strength conditional at time t is:
f(U.). Ro(t U.)

f(LIo t) f•.: o RO(t UO) .f(UO)dUO (29)

This must be contrasted with the assumption sometimes made that "the probability distri-
bution of structural resistance does not change throughout the life".

Had the load spectrum been expressed as probability of exceedance per cycle P(Uo 0,,)
where dn - nidt, then

R,(n) - f ; exp [ -P(U0 ,/O) . nJf(Uo)dUo (30)
and the average risk is:

f • P(U, LU.). exp f -P(Uo C.)n] f(Uo)dUo
r."n) f ;exp [ -P(U', C.,)nf(U,)dL.o (31)

3.2 Risk of Failure with Deteriorating Strength

In this case the structures are considered doubly distributed in. strength according to
assumptions (i) and (ii) above. i.e.

(r, and H are independentl) random.
If we consider an element dL.odH, being a fraction p(U.,)dUop(H)dH of the original popu-

lation, whose strength at time t is U U. .1r(t,/H), then its risk rate at time t is:
r(t U.. H) n{L''iU ,- niL mU, 4(,'H).'C0) (32)

and its reliability is, from Equations (7), (23), etc.
R(T Uo, H) ý exp [-f.1'tn( ebC'o)d'J (33)

The reliability of the whole i,,:
P(T) -• f f• exp [ -LrmnULo C(1. H).'0O} dt] .f(Uo)f(H)dLu. dH (34)

and !he average risk rate is
r(T) f 0'fý m{U,, C(1/11)1 ~Oý. R(T Uo, H). f(Uo,)f (H)d U, dH (35)

f f6 f- R(7'PUo, H).f(LUo)f(H) dU, dH

d-- d ( R(T))

R( T)
Equation (34) also includes the result of Equation (24) for static ultimate failure, with non-

deteriorating strength. For, in Equation (34), the term m(U0 C(t,/H).'Oo} becomes n{Lo/1o} and
is no longer a function of H if the virgin strength is preserved, so that Equation (34) can be
written

R.,T) f fol exp L-J m(o/61 dtJf(UL) dUo. f,-f(H) dH (36)

and as fof(H)dH is equal to unity, and as tn{U.!O0 ) is constant over all r, this degenerates
to Equation (24).

R.(T) and R(T) will thus change with time as shown in Figure 2. The ordinate of R(T)
indicates survival; the difference between it and R.(T) indicates probability of failure by loads
less than virgin ultimate strength but larger than current strength, i.e. probability of failure in
weakened structures, and the defect of RO(T) from unity is the probability of failure of un-
weakened structures.

It is perhaps not trivial to note that the latter component Po(T) . I -R.(T) comprises the
probability of failure of uncracked structures and of cracked but unweakened structures
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(whether cracks are detectable or not). and that cracked structure', are those in which cracks
have initiated, i.e. N, < T.

If the residua t strength properties of the structure are. for example, of the "brittle type".
in which, for larger crack sizes the residual strength is described by linear elastic fracture

mechanics theory, Ahereas small cracks may exist up to a strength degradation-threshold size
without the strength being reduced, then there may be a considerable time period between crack
initiation and the start of strength decay, so that, during this period any failure- are ultimate
load failures even though fatigue cracks are present. The reliability integral can be broken
down into its components to analyse this: to do so requires that the population of structures
be classified according as they are uncracked, cracked but unweakened, or cracked and weakened
thus:

0i) Structures which are uncracked; failure is by loads exceeding virgin strength.
(ii) Structures which are cracked but to less than strength-degradation-threshold size:

failure is by loads exceeding virgin strength.
(iii) Structures which are cracked and weakened: failure is

(a) by loads above virgin strength,
(b) by loads less than virgin strength.

Every structure will pass successively through these stages and the time in each stage will
be zs listed below:

(i) 0 < r < N, z k1H where ki - NiH,

(ii) AN < t < H,,. -- k.H where k. = H..jH,
(iii) t > Hý,

where NV is the time to crack initiation and H,. is the time to the strength-degradation-threshold
crack %ize.

The strength situation at time T For elements with various salues of H is shokn in Figure 4.
The reliability of the element while in the first regime is given by Equation (23)

Ro(T U,, H) ;ý exp [ - n(UC,'0) . T]* for T < N. .-. kjH (37)
In the second regime it is, from Equation (33)

R(T UL,, H) ý exp -f rm(U,,0) dt]"
exp[ m(U 0 '00 )Ng -*n(U 0 ) . (TT- Vj)]

fo, .V < T < I,, - k.It (38)
and in the third regime it is

R(T U.", H) - exp[ -i(Uo . H,,.-fr m(U O) dr]

for T > H, - k,,.H (39)
Now, for T > H,,., the reliability with virgin strength preserved (given U0 and H) is

Ro(T Uo., H) ý exp [-,n(U.10 ) . Tj (40)

The probability of fatigue failure is obtained by subtracting R(T'Uo, H) of Equation (39). from
R0(T U'0, H) of Equation (40),

Ff(TU,, H) - Ro(T U,, H) - R(T U,, H)
exp [-rm(Uo10o)Tj -- exp r--{m(U0,'Co) . Hw-Jr m(U, 0.) dt)

cxp [-m(UoiOo)TJ [I - expJf {m(U,'Oo)--mtiUo100o)) dt] (41)

Now the reliability of the whole population can be obtained by integrating over the whole,
allowing that those elements with Nf -. k,. H > T only require to be expressed by Equation
(37), those with N, -. ki. H < Tbut H,. = k,. . H > Trequire to be expressed by Equation (38)
and those with H., = k,,. H < T require to be expressed by Equations (40) and (41). This
splits the integration with respect to the H variable into the three regimes mentioned above,
viz., H > T/k,, T/k1 > H > T/k,,, and 11 < T/k., and in the third regime the integral com-
prises the contributions from loads above and below the ultimate strength, thus

R(T) = fr'k, fJ exp [-m(U./CG). TJf(U.)f(H)dUodH

- r.f Jf exp [--i( Ui0o0). Nl exp [-m(U,/10) . (T-N,)If(VU6 )f(H) dU• dH
T Jo

Tr J'k exp [-m(Uo/00). T7f(U0)f(H)dU~dU
-fo'l f' exp [-m(U./Oo). H,.] {exp [-fn m(U/O.) dil -

exp [--n(Uo/O) . {fr-H.)]}f(U)f(H) dU. dH (42)

Now, the probability of failure F(T) - I -R(T), may be obtained from the above, aihd com-
bining the first three terms within the limits 0 < H < •:

0 m(U.1O°) is constant.

t m(U/1O.) depends upon time.
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F(T) - Jj f' {I exp [ -rnm(U'o'LJ) T]}f(UL) f(Hl) dUod1!
f

5"- f •exp[ m(U HO,) IH,4 exp[-fr m(U C') dtj

exp [- m(U0 'OC) 1T -H,,.}]} f(U'o)f(H) dUW dil (43)
In this equatior, clearly, the first term is the probability of failure by loads above the ultimate

strength, during the time (0, T). in the whole population, whether an element he uncracked,
cracked and unweakened or cracked and weakened. The second term is the probability of
failure by loads less than ultimate strength, before the time T, on members which weaken during
the period: it is therefore the accumulated result of the excess risk due to fatigue weakening in
the period.

If all failures after initiation were accumuiated as fatigue failures, the probability of failure
by fatigue, vi/., the second term of Equation (43) would be augmented by ultimate load failure
contributions from the second and third terms of Equation (42) which would be:

-Fi -)_ ft', f,' exp I rn(UoiCo). TJf(UL)f(H)dU, dH (44)
and when TAi is large compared with H1, the effect will be to escalate the "fatigue risk"* and to
decrease the probability of surviving the fatigue risk, over a period during which the total
reliability and risk are scarcely changed from that with the virgin strength preserved. It actually
takes the risk out of the ultimate strength failure category and puts it into the fatigue failure
category. This effect may be negligible for load spectra in which the probability of ultimate
load failure is negligible, and does not exist where weakening occurs contemporaneously with
crack initiation. It is significant in cases where there is a significant risk of ultimate load failure
or where there is a long period of relatively slow crack propagation without loss of strength.

In this report we thought it appropriate to link together all failures through loads greater
than the virgin strength as "ultimate load failures", and to treat all failures of structures weakened
through fatigue as "fatigue failures" or "failure of structures weakened by fatigue".

The "fatigue sensitivity"" of a structure is characteri,,ed by the ratio of the probability
of failure in weakened structures to that under loads greater than virgin strength, i.e., by the
ratio fF(t)-F0 (t)} F0(t). It is a function of both the frequency of loads exceeding ultimate
strength. the aerage rate of decay of strength, and the lifetime allowed. In 1967 '8 it was reported
that in a period of 20 years, Australia had had, in an adanced military trainer type two ultimate
failures and no fatigue failure, in civil transport one catastrophic fatigue failure and one ultimate
load failure and in agricultural aircraft two fatigue failures and no ultimate failure.

From this one would assert that agricultural aircraft were most fatigue sensitive, civil
transports were partly fatigue sensitive, and advanced military trainers were not fatigue sen;sitive
within the lifetime allowed. In general fatigue sensitivity tends to increase as t increases, so that
it may be more factual to acknowledge that fatigue sensitivity for civil transports is controlled
by effectie life limitations.

Thiq was done less satisfactorily in agricultural aircraft, and it either was not necessary or
was most effective in the military advanced trainers in question.

3.3 Averaging of Instantaneous Risk

If the assumption were made that the probability distributions of strength and of H are
unaltered "as a result of the very few structures which have failed between the commencement
and time t",'6 this would be an assertion that, in Equation (33), the clement reliability
R(T Uo, H) is the same for every element dUo dH of tee population as it is originally, and as
it later becomes an element dU(t)dH of the same population with degraded properties.
Omission of the term R(TUb', H) from numerator and denominator of Equation (35) leads to
an erroneous expression for risk:

rjt) = f' fý m{UoA(t1H)/O,} .f(Uo)/(H) du,,dH (45)

This expression represents a simple averaging of the element risk r(T Ut,, H) of Equation (32),
ignoring the element reliabilities R(T U,, H). The effect of the element reliability R(T:U0 , H)
in the numerator of the correct Equation (35) is to reduce an element's contribution to the

References 9 and 16 use a terminology "static fracture due to fatigue" for fatigue failures

where the strength has not yet fallen to the mean or level flight load, and "fatigue failure" to
define (quoting Reference 16), "failure by the fatigue crack extending eith- r completely through
!he structure, or to the stage whcrc final collapse is caused by the bteady niun load".

The author does not favour the terminology unique to References 9 and lo, but uses "fatigue
failure" and "fatigue risk" when failure occurs at a fatigue crack, regardless of its size, except
when the load causing failure exceeds the virgin static srength.
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instantaneous average risk r, T) accordin, as its suriVal prcbabilit) has been depletcd by prior
exposure to the risk.

As Equation (45) does not itself place any lower limit on the magnitude of I-.e strengths
still present in the population at time T (in view of the degradation impikit in the expression
U - Ucý(t,'H)), it has been proposed" at least to limit the integration to cover only those
members of the population with crack size ( < l4, where r = Hy and U 0 at I = {F. This
may be expressed as H > Tjk# where k,, ilJH- Or alternatively the limit has been proposed
to be that crack length at which the strength falls to the steady mean or level flight load, and
Hp. is then attached to the time at which the crack reaches this length.

This makes the limits of integration of H to be on and H -= T/kr, so that re(T) becomes
rT .kl Jr{U.m(tiH)/L)1} .f(Uo)f (H) d U. d H

r,.(T) - J•-TkF Jff(Uo)f(H) dUo dH (46)

The erroneous reliability is thus:
R.(T) = exp - [foT r(T)]

i-e.

- R.r
T

k f,- m(U.(1,'H)/ )10 .f(U 0 )f(H) dU. dH (
RT)-p -- JkFo-f(Uo) .f(H) dUoH (47)

In some studies,'-` presumably in the interests of simplicity rather than accuracy, while the
integration over Hin the numerator of Equations (46) and (47) is confined only to T/kF < H < oc,
that in the denominator still is over the range 0 < H < oo. This simplification reduces the
integration in the denominator to unity, as a result of which RE(t) becomes

Re(T)-- exp - [r f•.r f' talb. ( _H),'00 } _f(UL)f(H) du dH dr] (48)

and, of course,
r,(T) -f ',hk fo m(U o 4(t,H),'O) .f(Uo)f(H) dU. dH (49)

Equations (47, 48) and (46. 49) must be compared with the correct expressions in Equations (34)
and (35) respectively.

4. RISK OF FAILURE WITH INSPECTABLE STRUCTURES

Users of structures have a deeply ingrained sense that structural integrity can be ascer-
tained by inspection. For this sense to be substantiated, and because metal fatigue is a localised
rather than an overall phenomenon, it must necessarily be ascertained where and how often to
inspect; whether the structure is safe when the signs of failure are first detectable and whether
incipient failure can be expected to progress sufficiently slowly that it can safely be found if
inspections are scheduled regularly. Inspection merely divides the survivors into two, those
having detectable cracks and those not. The former may safely be removed and Ire no longer
at risk; the latter are returned to service. In the statistical model used here, as in all of the models
described in Section 3, a member of the random bivariate population has its destiny determined
by its initial values U0 and H, and knowing these one may determine whether this member will
be detectably cracked or not at a subsequent time 1, and how man) such members survive up
to time t, to be withdrawn if they fall into the detectably cracked class. So the dividing of the
population depends upon a member's initial U, and H; but strictly, upon its value of H.

The survivors at time I are given by R(t) in Equation (34), and inspection divides the popu-
lation as a member's crack growth time is shorter or longer than a critical value. The
"detectable crack size" is td, and Hd is the time in which it is reached.

From Equation (18),
d/fe, = O(Hd/H)

Writing
He/H = 0-'(fdler)

Hd = He- t(td/1,,)

- kdH
where kd is the fraction of the lifetime at which the crack becomes detectable. All structures
having H < t/kd have cracks which are detectable at time t; those having H > tIki have not.

Suppose that an inspection is scheduled to be made at time t V Y1. Then up to this time the
risk upon and the reliability of the population will be exactly as given in Section 3.2. At I = T,
struct 'res with H < Tllk, are found cracked and removed; these are denoted F(T,), viz.

_(f0 Wj-or0'j•~ exp - -[f r m V/ , dt f U )V.( ~ (50)
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while the remainder, I - "( V"•), will continue in service and be subjected to service risk. Their
reliability may be expressed either as the proportion of the original population remaining in
service, viz:

R(I o'l fl,'. f•O exp [ fo' n:•,Uoa, 'WH), C' odtjf(bjoJH)efL . dH (51)

(note: this differs from R(t), Equation (34), only by the smaller range of integration,
V"I A1 < H < o instead of0 < H < x)

or as the fraction of !hose returned to service after 11_
R'(T ',) Iffm'-•,' (i 11) C',, dilf(L0 )f(H) dL'dH

J ", ,. exp - I0,' 4W1•()' U,,} diJf(Uo)f(H)dUodH (52)
The risk rate upon an element will remain as in Equation (32) for elements remaining in the
population after 1', and so, following Equation (35). the average risk rate will be found by
limiting the range of integration of H to the range from H -: 1',kd to 'X, thus

rr,(/.) f. J'. f i;-1:m(-o (t H) 0J). R(T U., H) .f(Uo)f(H)dUo dH
f -: " f R(T Uo, H) .f(L'o)f(H) dcl dli (53)

There is, of course, no option as regards the denominator, as by definition it 's the survivorship
at time t.

If inspection is continu ,us and the population is continually subject to withdrawal of
structures with detectable cracks, then this happens when -- Iad i.e.. C -I l kd. Clearly the
reliability R(ff 1') at ,i.e., immediately after) an inspection at time 1', is generally true what-
ever the value of 1'. so we may say that the reliability Rf(t) with continuous inspection is, from
Equation (51).

R,(T) ý fJý, exp - [frm{t, tH dtJf(Uo)f(ti)dUoddH (54)
The average iik is, following Equation (53)

J,'T J, m{U, t, 1) . R(T -O, 1) .f(Uo)f(Hld' 0odH
r -- .fT f -P(T L'..H )f(Uo) f(H) du dH (55)

It is sometimes possible to distinguish by post mortem fractographic examination that
failure had occurred in the presence of fatigue cracks of less than in-service detectable size.
Whether the failure were one in service, or one occurring in a laboratory test, in which the failing
load was measured, there would be little confidence that fail-safe principles could be used to
achieve safety in this case.

The general effect of continuous inspections is (naturally) to deplete the population con-
tinuing in service more tnan it is deplcted by the failure risks, so the reliability of the original
population will be related to time as showxn in Figure 3. If inspection is not continuous, then at
each inspection the reliability falls by that fraction of the original population which is removed,
as shown in Figure 5. and immediately thereafter the risk is lowered, only to rise again later.
The more stringent are the inspections the more will fail to pass, and Figure 5 also shows how
the reliability after inspection "aries with limiting permissible crack length. After an inspection
at any time 1", the reliability will be the same as if there had been continuous inspection using the
same limiting crack length.

5. COMPUTATIONS

Illustrative computations have been made including several cases which cover military
and civil spectra, and structures with fatigue behaviour representative of materials with widely
differing characteristics, the one with the failure ductility of aluminium alloy structures and the
other with the "brittle" behaviour of high strength steel structures whose strength properties
approximatcly obey the laws of linear elastic fracture mechanics up to the ultimate failure stress.

5.1 Change of Probability Distribution of Strength with Time, in the Absence of a Failing Load

The first case considered (denoted A(2)) is representative of a structure of aluminium alloy,
acted on by a military manoeuvrc type spectrum.

The parameter values applying in this case are given in column 2 of Table 1. The load
spectrum adopted is a manoeuvre load spectrum identical with that used in References 10 and
13. ar.d being a straight line closely fitting the curve usew in References 9 and 16 within the
range of loads above about 60% of the median virgin strength. The growth of crack length
with time z-nd the decay of strength with crack length were assumed linear, as in References
10 and 13, being re3sonably representative of aluminium structures.
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The decay of strength of the population by virtue of the relationship ULU' - : ;(r.:H), (i.e,
by virtue of the fatiguing process, but in the absence of loads causing failure) is shown in fine line
and denoted "undepleted" in Figure 6. at times of zero and S00 hours and then every 1000
hours to 5000 hours. The population, assumed initially Weibull distributed about a median value
of L' 0o I with a coefficient of variation of 0-03, gradually and continuousl, falls in mean
strength, spreads out and becomes skewed in the opposite sense. a, a result of the variability
in B (age at Ashich strength falls to ýL' U,).

By contrast, the second case, A'( I), is representative of a structure of a "brittle" material,
e.g., an ultra-high strength steel, subject again to a military manoeuvre spectrum. being that
used in References 9 and 16. Parameter values applying in this case are also given in column 2
of Table I. In this case the growth of crack length with time is assumed zero until initiation
at time H 4-4. it then rises sith increasing acceleration as shown in Figure I of Reference 9. The
fitted analytical expression is f (,r 0 for 1< '4-4 and (. (, 7.. ((' II)• o 0 -000016) for
t > H.'4.4, differing by 0.0000016 from the expression adopted in Reference 10 in order to allow
a crack initiation period as allowed in Reference 9.

The rcs;dual strength behaviour is assumed to be of "brittle type", in which general yield
and ultimate failure coincide, and in which cracks smaller than a strength-reduction-threshold
can exist without reducing the ultimate strength: above this threshold the laws of linear elastic
fracture mechanics apply, and the failing strength is equal to K,,-'\( where Kc is the fracture
toughness (equal to the failing strength times square root of crack length at which strength
reduced with increasing crack size). Since, in this analysis, critical cr-Ick length fr, is defined
as the crack length at which the strength of a structure of median virgin strength is reduced to" .;.-igh, ., of U,. the strength relationship is U ,- 2\/(cr( 3 for I > 4fer 9.

where 4G., 9 -
The deca% of strength of the population (in the absence of loads causing failure) is shown in

Figure 7. At 1000 hours there has been virtually no change io the population strength (even the
0. I percentile of /t is greater than 1000 hours). At successively later times the population does
not gradually fall in strength: rather, the distribution deflates rather like a balloon leaking
progressively more of it- members to lower strength values, so that by 10.000 hours the strength
of members is seen to be converging towards zero. It will thus be observed that the significance
of crack initiation time has disappeared from the strength distribution: rather the time is signifi-
cant at which the "fracture mechanics" strength-degradation-threshold crack length (", is
reached: only thereafter does the fatigue process increase the risk.

5.2 Reliability and Risk of Static Ultimate Failure with Streogth Preserved

Calculation of the risk of ultimate failure (and of the reliability thereunder) for the case
A(2) follows Equation (24), and the results are plotted as Rvo(t) in Figure 10 Obviously the risk
is small, and the reliability falls to 500o only after 4.8x 10' hours. The risk (i.e., the instan-
taneous average risk rate from Equation (26)), r-,j(O) is initially rr-,(0) = 4"61 x 0-6; and its
change with time is illustrated in Figure 9.

The risk rate changes with time as members of the population fail and these are more
frequently those of lower strength: and thus by natural selection the survivors become stronger,
and the risk smaller. The change in the probability distribution of strength with time (allowing
only ultimate failure, and assuming strength preserved) is shown in Figure 8, the distributions
being plotted at I = 0, 104, 10'. 10" and 10' hours. It should be noted that for i --- 0 the graph
is of the density function p(UIU), while later graphs show how this distribution is eroded by the
risk (i.e., is factored by element reliability), leaving survivors whose average strength continues
to increase. Had the initial risk continued to operate unchanged the reliability at longer times
would have fallen significantly below Rvr(t), as is shown by the curve of Ruo%(t) in Figure 10.

5-3 ReWiaility and Risk of Failure for "lDetile" Material vtder Manoeuvre Spectinim

The total reliability, allowing ultimate and fatigue failure R(t) for case A(2), calculated from

Equation (34) i- plotted alsn on Figure 10. For small r it coincides with RUo(t) and diverges
perceptibly between 100 and 200 hours. The total usable fleet life, if every aircraft were used
until it suffered failure, is represented by the area under this curve. The figure, highly hypothetical
rather than practical, is in this case 3920 hours.

The instantaneous average risk rate (ultimate and fatigue) calculated from Equation (35)
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is plotted as r(f) in Figure 9. The instantaneous aseraee total risk r(i) at i - 100 hours is about
20% greater than the instantaneous average risk rate for ultimate failure rt-0(t), and it grows

to twice rLdit) at about 350 hours, and to ten time. the value at about 1200 hours. Crack initiation
time does not enter explicitly into this calculation.

If the fleet were to be operated as a "safe life" fleet, under the acceptable fatigue risk con-
ditions frequently adopted for military aircraft in Australia (viz. reliability not to fall below
0-999 in the lifetime), then ;he acceptable fatigue life would be reached when Ri'o() exceeds
R(t) by 0.001, and this occurs for c',e A(2) at a little less than 500 hours (actually at i - 500
hours, fatigue probability of faiiure - 00015). This would correspond to a risk rate, if uniform
from time z - 0, of 3-0 10-' which is about two thirds of the static ultimate failure risk in
this case. In fact, this safe lifetime is rather short- Had the structures achieved the same probability
of fatigue failure in, say, 5000 hours (reliability 0-9985), the risk rate, if uniform from 1 = 0,
would have been 3-0 < 10-7, one fifteenth of the initial risk rate for slatic ultimate failure alone.

The adoption of a limiting probability of failure during the lifetime as the criterion defining
safe life thus penalises st ictures with good fatigue performance, since, the longer the fatigue
lifetime achieved by the structure, the lower is the fatigue risk per hour demanded. More logical
is the proposal by Lundberg2 s that ihe fatigue safety criterion should be specified as a limiting
permissible average risk rate per hour. although the figure of 10 " per hour which he proposes

for civil aircraft ;s exccssively severe for militar) combat aircraft.
The author considers that a more logical safe fatigue life criterion for military combat air-

craft is one which would make the probabilities of failure during the lifetime from static ultimate
and from fatigue failure equal. In Example A(2), this is seen in Figure 10 to occur at I ý 650 hours
when FtJ650) -- F ((650) - 0-0029. As the population is assumed to have a median life to
failure on test of 5000 hours (failing at 2U 0 3) tne corresponding safety factor is 5000 650 = 7-7.

5.4 Change of Probability Distribution of Strength with Time, as Affected by Random
Failure Loads

The effect of exposure to the risk over successively longer times, upon the probability
distribution of strength of survivors, may be determined. Equation (33) determines the reliability
at time t of an element p(Ub') pH of the initial population, and its strength at time r is. of course,
U0,(r,'H). These have been accur',ulazed as a function of U, Co for case A(2) in Figure 6. being
shown ii heav, line, and denoted "depleted", for / ý 1000 hours to f 5000 hours. This plot
shows that as time passes and the population becomes more depleted it is most depleted in the
members of lower strength (as would be expected): the average strength decreases progressively,

but no members survive whose strengths are below approximately U,'0o -- j. This study ci'sl-
lenges the assumption frequently adopted that the probability distribution of strength (i.e..
U/U0 ) is unaltered with the passage of tim-. It also reflects upon the process of risk averaging
of Equations (45) and (46), in which the integration with respect to strength is in the first case
unbounded and in the second, extends to a lower bound which includes members whose strength
is on the brink of reaching zero value, because, quite obviously, the probability distribution of
strength is not limited at the level where member's strength falls to zero; it is limited by element
survivorship at a lower bound approximating to, in this example, the limit strength. In addition
it challenges the assumption sometimes used that the risk of fatigue failure consists of two
components, a risk of failure rs in structures whose strength has not yet fallen to the level flight
stress or "mean stress",* and a risk of failure r. in structures whose strength falls to the level
flight stress or mean stress.* In this example, and in all practical cases, the alternating loads
which are forcing the fatigue process are always sufficiently greater than zero that no structure
can survive to fail at the level flight or mean stress. There is in fact only the one component of
fatigue risk.

5.5 Reliability aad Risk in "Safe-by-1aspeetiom" Structures

"Fail-safe" or "safe-by-inspection" structures are inspectable, and cracks must be findable,
and found, when exceeding some "detectable crack length" td. Structures found cracked may or
may not need to be withdrawn: the "crack size for component rejection" may be larger than
td, depending on the risk associated with its further operation.

In Example A(2), several exploratory calculations were made. In series r, it was assumed

"See footnote on page 310.
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that inspections wou!d be made at times 1', 100 hours. 1', 200 hour,, 1', 300 hour,.
etc.. and that cracks could be detected and withdrawal made if G,. > 002. i.e- UL L < 0-994.
The reliability at a time i after an inspection at time Y i., calculated from Fquation (42), and the
risk rate from Equation (44). The results for Riz) end r(tl) are plotted in Figure 9 anld Fieur,. I1
respectively. The curve labelled Inspection Schedule F in Figure 9 shcsws that during the first
300 hours the risk rate (on those surviving inspeoion) hardly exceeds 6-0.- 10 6 per hour, but
the associated curve of Figure 10 shows a fall in reliability to 49-9",, at 100 hours ti.e , 50",, of
ihe population is rejected at the inspection), and a fall to 3-99,,, at 200 hours. i.e.. another 46%
of the original population are lost at the second inspection. Thus 96",, of the population has been
rejected at the first and second inspections, in the interests of kceping the fatigue risk rate low.
and at the same time a safe life of 500 hours without inspection ",ould have been accepted.
Clearly, !he rejection criterion of Ad = N1,r -_ 002 is tco severe: it is probably easily
achievable by modern techniques, but it throws away many cracked structures whose rehiabilitv
is as good as many uncracked ones.

To further explore this point, an inspection schedule denoted -1 was investigated, in which
one inspection was made at I' -- safe life of 650 hours, and structures withdr.-wn if cracks were
found with f > Ad(',- with values of Ai = 0-05, 001, 0-20. 0-50. Reliabilties after time t'
were calculated, and plotted in Figure !0.

The calculations showed that, with Ad ý 0-50. the largest value, the reiiability was no
different from that without inspection, i.e., the cracks tolerated were so large that inspection
provided no safety. For successively smaller values of Ad. the proportion surviving the inspec-
:ion grew successively smaller, while the risk rate on those surviving grew smaller. For example,
with Ad - 0.10, the proportion surviving inspection at 1" -. 650 was 24-9',,. "hile the risk was
reduced to 8-9 - 10 b per hour (see Figures 9 and 10). a value which could well be regarded
as acceptable. If, however, there were no fu~rther inspections. "he reliability ,,ill eventuall) fall
and become asy mptotic to that resulting if there had been no inspection.

If it were desired to ensure that the instantaneous average risk of fatigue failure did not
exceed the static ultimate failure risk, then the first inspection would need to be schedul-d
before the safe life. Calculations have been made for a third Inspection Schedule E, inspecting
first at Y, 350 hour, and then at ever 50 hours to 1000 hours using Ad -- 0" 1. The results
for risk rate and reliability are also shown in Figures 9 and 10 respectively. It is interesting to
observe from Figure 9 that this schedule with regular 50 hour periods between inspections
keeps the average instantaneous risk to never more than 9-6 , 10 ' per hour over the first 1000
hours, while allowing 50"%, of the fleet to achieve a life of 550 hours, 30",, to achieve 650 hours.
I P"' to achieve 850 hours, and 4', to achieve 1000 hours. This particular case provides tn
interesting example of the contrasts between operating the same structural fleet as safe life or as
fail safe structures. In the two cases the total utilisation got from the fleet is not markedly dif-
ferent. As a safe life fleet all aircraft are retired at 650 hours: the safety criterion was satisfied
(of a probability of failure by fatigue ; 0-003): the instantaneous average risk grew to a maximum
value of 16-2 .. 10 6 per hour at the end of life. As a fail safe fleet some structures, 68"0 in fact,
were rejected before achieving the safe life, so as to keep the instantaneous average risk to a
level, but others were operated with equal safeti to well beyond the safe life, even to 1000 hours.
Of course these remarks apply to the situation where load spectrum and fatigue properties are
precisely known. When this is not so, the fail-safe treatment may well enigender greater confidence
in the user. It is also interesting to note from Figures 9 and 10, as might have been expected
intuitively, that both the reliability and the risk rate immediately after :he inspection at 650
hours are the same, whether this inspect;on were the first to be carried out, or whether it had
been preceded by regular inspections at every 50 hours from 1' - 350 hours or from the
beginning.

Examination of the risk rate curve for Schedule E shows that from 650 hours to 1000 hours
the instantaneous average risk was tending to rise, slowly but steadily. This effect results from the
probability distribution of H; the risk will continue to rise (if there were any survivors) at least
to the median value of H. With the risk gradually rising when inspection intervals are constant
there is no justification for the practice sometimes adopted of increasing intervals between
inspections. As structures are withdrawn it may be chosen to replace them with new. If the risk
rate is calculated by averaging together the new and the old, and inspection intervals lengthened
to keep the average risk constant, eventually all of the risk will be concentrated upon the
oldest aeroplanes remaining in service. This is what might have been anticipated intuitively. It
is preferable to keep the inspection intervals constant or C'.en to reduce them
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if this i, nece,,sjrs to aolid cxctsic in.rease in the risk on sur-ivors of the onginal
population.

6. ACCEPTABLE RISK

Ever, life experience in,,oles risk. The estimation of the risk in any experience, and its,
weighing are highly subjective. Only in 'he courts of law does the fiction of "absolute safct.*'

exist, and those (we) who are responsible for other people's safety may be tempted to argue
"absolute safety" within those precincts, when in truth the chance of failure was "small- or
"negligibly small". The question of safety becomes "safe for whom?" and negligibly small
becomes "negligibly by whom??". A fighter pilot of a hypothetical service unit with one hundred
pilots and aeroplanes, of which three of each are lost per )ear, may well consider the risk of his
occupation acceptably small, and indeed his risk of death in any one year is no greater than that
of a public servant on his retirement at age 65. If in our hypothetical example the average hours
flown per year were 300. then the risk rate is 10 ' per hour. Actually, structural accident rates

are much lower. Pugsiey3 ° has quo~ed 3-2 - 10 ' per hour as "a little above the average for
modern (fighter) aeroplanes". Similarly, ultimate failures of the advanced military trainers
referrred to in Section 3.2 above represent a risk rate of approximately I - 10 ' per hour, while
calculation example A(2) above gives an initial ultimate failure risk rate of 4-6. 10 6 per hour.
Taken altogether, these values of risk rate of structural failure (viz. 32,/ 10-6, 10. 10 ' and
4-6 - 10 ' per hour) are regarded as acceptable because the) are being accepted by the military
authorities as a whole and by the individual personnel at risk, without there being imposed
restraints on 'he operations or requirements enunciated for stronger structures.

In an% activity in which the risk rate per hour monotonically increases with time, the risk
will eventually reach an unacceptable level, by whatever subjective cnterion the level is set: e.g.,
Maxwell"' states, in the fail-safe context. "any damage arising from errors inseparable from
normal operation is detected before the strength of the structure falls to an unacceptable level".
Lundberg" pioneered the concept that this Nimit of acceptabilit) is or should be measured
by the accident rate. In considering the civil air transport field, wkhere equally high risks would
not be accepted b% the general public, he obsered that fatigue is the least excusable cause of
accident, and "deemed it imperative to set the fatigue safety goal ,ufficiently high so that accidents
due to fatigue are in practice never or sery seldom- heard of". By his comparison with an
accident rate resulting from all causes of 300 - l0 - 9 per hour, he proposed a fatigue accident rate

goal of 10 '• per hour, and observed that, assuming an average lifetime of 10' hours, this would
define an acceptable probability of failure of an aircraft during its lifetime of 10 '. The accident
rate from all causes of 3 - 10 7 per hour seems to have been substantiated by some later studies
(e.g. Table 5a of Reference 32) but in general, civil aircraft fatigue failure rates. whether for safe
life or for fail-safe structures, hase exceeded Lundberg's proposed target figures.

In ARL it has been the practice for many years to think of a figure of 10 3 as being an
acceptable probability of fatigue failure during the lifetime for military aircraft, whether fighter.
bomber, transport or maritime aircraft. In view of the differences in life of type of the aircraft
of different roles, and indeed, the differences of risk known to accompany the various roles, it
is now considered inappropriate to apply the same figure indiscriminately. A front line attack
aeroplane, if it were employed for a life of type of 5000 hours would demand an acceptable
fatigue risk of 2 x 10 ' per hour, which is 1/160. 1/50 and I1, 25 respectively of the ultimate
failure rates noted earlier as generally acceptable.

As the demanding of very low acceptable fatigue risks leads to retiring from service aero-
planes in which the risk of operation is no greater or only marginally greater than that of un-
fatigued structures, the fleet becomes rapidly depleted with only a marginal increase of safety.
if any.

It is the author's view that for military aeroplanes used in a fighter role or any role in which
the probability of ultimate failure is mensurable (e.g. say 5 × 10 ' per hour or greater) an accept-
able average fatigue risk might well be chosen equal to the ultimate failure risk. On the other
hand a fatigue uisk of the order of 2 .-x i0 7 per hour seems not inappropriate for military trans-
port aircraft, and for civil transport aircraft carrying fare-paying passengers, the fatigue accident
rate goal of 10-9 per hour enunciated by Lundberg has never been challenged on grounds of

being too low.
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7. OFIIA II~'0 RE!lIABh Fr AND RISK FISTIATFS

It vwa, pointed olut in the commencement that in aircraft .truotural conteots. rchiabilit,.
and r:,k.~.~ac nmu.ýt Ix baedl upkn Jc aza ;&hkcli are thew ~a. i -( ,-1mrhrn: the choice
of data appropriate in represenitin~g the 'truclure is a matter of judgemetTC. a. is the %,iueslion
oif accep~able liniiting %aluc-, of reliabilits and risk While personal judgement errors are
not amenable to statistical analysis. sampling error,, are

The cffects of sampling error-, ma,. he investigated b-, determining confidence reg~ions for
the parameters, and csamining the range of reliabilities transformed from confidence regions
Although this might be- don, hi, a calculation combining the effects of esery parameter's confi-
dence range. thi% is considered inappropriate, and indicative melhods are adopted here.

7.1 Confidesce Internal Related to The Sampling or H

( onsidenirng first the median endurance h. this is usualli, determined from a single test.
and is taken as an estimator of the mean saiue of the logarithm of endurance. iiii B> normal

samp'ing theory it may be shown that a 50'.. confidence interval for log 11 is log H -0675

aH-,n vwhere log 11 isý !he ex.perimental teot mean and n is the sample sire- With a single test

resuft for log it, and a 0 -167 adopted for the calculations, of this report, we calculate the
QO". confidence region for //. sii. (H I1-296. 1 296 H) : (the factor I -296 is sometimes

called the probable errorl. A regioni or 95",, confidence (i-e. sizeT "5",,) is (H 2 -12. 2.12 Hij.
To many. even to those familiar with fatigue and fatigue variability, it maty seem que~stion-

able that a single test result ik Iiisi to be as much in excess of the population mean as 1-3 times.
the latter An example of such an event happening w-as the testing of the first fatigue specimen
of a Prvoso~st wing" in wkhich port and starboard wings railed at (1.422 and 1 5.347 hour'ý, which
became the twko largest values, in a test serie, wAhich %as subsequently to grow to 41 wings.
and these two salues exceeded h% factor,, of 1 -42 and 1 -62 respectisel% the mean life of the sample
(if 41. (Significantl%. the first two re-sults could not in any sense he regarded as "outliers'>)

In general the lifetime Te corre-spondinig to a cho en probat'lits of failure 3 or reliabilits,
I ý' i, scaled directl% to the value of h. We may. write T,, 4- .11 Thu, the confidence regton
for T,. becomes (Ai,,4i 2. Aaft A where 2 1 296 for a 50-_ confidence region and 22
for a 95',- confidence region.

7.2 Confidence Intervals Related to the Sampling of j

Sampling errors in the standard deviation of log H should then be considered- An interval

of 50'", confidenc-e for the variance is given by
a 7 < (Y < '

7
.i

where
U:~4

Typically a test series such as Table V of Reference 24. with 44 specimens providing 34 deeree
of freedom, has confidence regions,

(a -, t51.1 913s. 1 100%). 7 0-5
and

(0-85s, 1 -213). for 7 0-95.
The pooled reult of Table V of Reference 24 ;epresented wings of four different aircraft and a
built up pane[- The largest unpooled standard deviation wns ! -20f and the smallcst 0-28J. It is
probably beyond the most intensive resecarch to establish whether the four types of aircraft were
sufficiently similar in construction, etc.. that the pooled dispersion is more appropriate to any
one than its own individual estimate (this being a criterion for valid pooling). It is probably even
more beyond research to decide whether such data are relevant to modem aircraft of the 1970s.

Assuming these data are relevant, the effects on life for a nominated level of reliability may
be examined. In Reference 10 it was observed that in general changes in tr produce no change in

* the life at which the reliability is 500%. It was shown in Ref'erence 10 that the curve of reliability
against life is bounded at high reliabilities by the ultimate failure risk (which is unaffected by a)

and below this, generally. by a line representting the reliability of the population against failure
at the limit load, and Figure 10 of this report supports this view. The effiect of changes in a is to
rotate this reliability curve about the point corresponding to T, R(T) -- 0-5, i.e., the life for a
given probability of failure is altered the more that probability differs from 50%.. Writing
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h Il o, H. i e I0• O I. 114 log,,, If. etc.. and a is the s d Lct us consider a fractile or the

p, pulation g0,en .hN%
Pr (h-141k b .Y) 7

Then a reetor- ol 'rt ) . contidence for h ois
/'A A'a -, < itqý / < p1 , '•2

So the s0".. confidence region becomes
log") It K', - < Iog 0 t "/, <-.

or in terms of /I.
II 10 1" 1 F 0 A.-

H /!
or <0 . - isP <

or -Anting H, 17 10 1. It
a 50".. confidence region for H,. the life to reliabllits 2 is

H, I W." ' 75) < H. < H, - I 0=.,,' :
i e. :.H, IOCe P "'"71. H,. -0I " (-'P

For eamplc. if %%c ire considering the lifetime for a rcliabilit, of 99-9'" %i7. 0-999. %4c might
ha•c

Pr 1h < fA, 4,,) 0.999.4, 3"0(9,
and. using as, before. 7 0 167. %kith number of degree-, of freedom 34. the 50".. confidence

region is
(1-08 H, :0-38 H,)

and the 95 '.. confidence reeion i%

(I "25 )1, :0+69 1/,).
Comparison of this rzgion of 95",, confidence for If,. alloking for sampling error ofoc. sith the
corresponding confidence region for H, alloving for sampling error of H. when based upon a
single test. %i1 (2 12 II, 0-47 1/,). h•h s that the former is %er% considerabh narrower than
the latter- The same results are shosn in a comparison of the 50",, confidence regions of H,.
allo,.ing for sampling errors of a and If rc,,pectivel%. It is a fair deduction that if such a hodt of
reprc.sntalise data are asailable for the estimation of a. the uncertainty arising from sampling

err,-r of j is sere much less than the uncertainth arising from the sampling error of II.

7.3 C('fidence ltervals Related to (be Sampling of L',

The mean static ultimate strength is normaly estimatcd on the basis of a single test. and
confid-ncc ksch are similar to those for H. Adopting the log-normal assumption. and a - 0-03
the SO,., conlidence region becomes (1 -048 U', : U. 1-048) and the 95". confidence region

I -145 C. : C., I -145).
The load spectrum for wsings is often determined in terms of aircraft acceleration and is

then defined in terms of ultimate strength. Confidence intersalh for strength become confideice
intcr-ah upon the strength exceeded with a particular frequency in, thus, for ewample mhe
manoeuvre spectrum log ni 12b.'?', for A(2). becomes bounded by in In o-'-' J2 . °

and ni 10-i2t ý'i o1o At a reprcentatise level 0- 8,,. at which the depletion may be
assumed. on ihe aserage. to be congregated. the 50".. confidence interval for frequency become,

(2-75 - 2-51 10 4 0 0-35 2-I -S 10 4). The 95-,, confidence region for in becomes
(16-4 .2-51 10 "0-041 251 - 10 4). One may assume as a first approximation that the
lives are inversely proportional, thus giving a 50%,, interval (0-35 H, < H, < 2-75 If,) and a
95",, interval (0.041 H, < tH, < 16-4 H,)- Thus errors in the relationship between the loads
at which the frequencies of loads are measured, and the ultimate static strength of the wing are

very critical, and considerable sampling eror exists if the ultimate strength value is estimated
upon the results of a single test.

7.4 The ESec of Variallility in Vhlrin ma RIsId Siirengis

The effects of variability in ultimate strength have not been directly investigated in this

report, but may be deduced by comparison of the reliabilities calculated in this report, e.g.
Fieure 9 (the v'ariat!ity beung incltzd-d). Aith *hasic caiculated2 without v.ariability in the virgin

strength. as calculated in Figure 3 of Reference 10. This comparison shows that. at lifetimes
where fatigue risk is ;ignificantly greater than that of ultimate failure, there is virtuallN no
difference whether the population is assumed to 'vary in virgin strength or not. This might have
been expected intuitively.
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7.5 Confidence in Relation to Extrapolation of the Spectrum

Load spectra are of two sorts, those measured, and those predicted. A regular review of
these two components is necessary as life proceeds. In fighter aircraft the predicted reliability
is sensitive to the upper end of the load spectrum and those used in calculations (AI) and (A2)
define approximately one exceedance of median ultimate strength per million hours. It is
unusual for fighter aircraft to be lifed for more than 2000 hours and it is unusual for fleets to
consist of 500 aeroplanes: for Australia a fleet of 100 aeroplanes is more realistic. So any load
exceeding median ultimate strength is expected to occur less frequently than once in 100 lifetimes.
In fact, the load expected once in the lifetime of 100 planes is nearer 941" of the median strength
figure. It is therefore questionable whether such loads will occur. It will be noted that the initial
risk of ultimate failure in case A(2) in approximately 5x 106 which is once per fleet lifetime
as above. Clearly the magnitude of this risk, and indeed of the permissible fatigue risk, cannot
be precisely estimated: it is necessary to extrapolate the spectrum past the available data.

It should be remembered that habitual conservatism in the estimation of parameters when
those parameters are known imprecisely (underestimates of strength and of population mean
life to failure; overestimates of variability of endurance and of magnitudes of applied loads) will
result in the risk and the probability of failure being greatly overestimated by comparison with
the "best estimates", and thus the permissible life will be very much shorter than if estimated
according to the methods of "best estimates".

In a typical example, an estimate was made of the life for a probability of failure of 10-a,
using the 97.5% confidence bounds for H, c and U/1o. The resulting best estimate of the
probability of failure in the lifetime was approximately 156x 10-.

The author considers it unreasonable to demand such a degree of safety, that, in aiming to
achieve a probability of failure of l0-', a user actually adopts an ultra safe figure such that the
best estimate of the probability of failure is five orders of magnitude smaller.

It must be remembered, however, that the data on H and 0. are obtained on a single test
of one structure which belongs to the fleet, whereas the data concerning the standard deviation
do not.

The above discussions render it clear that the safety of safe life structures is critically depen-
dent upon the assumptions concerning the structural and endurance properties.

7.6 Confidence Related to Safe-by-Inspection Structures

Studies of fail-safe behaviour, in particular the investigations of instantaneous average risk
after successive inspections, show them to be much less sensitive to the number of inspections
during the time for strength deterioration. This confirms what has been deduced intuitively,
that fail-safe structures can be continued in operation much longer and more safely than safe life
structures-provided locations of potential failure are all known. If this is so structures may be
continued in service with inspection for very much longer than their safe lives without the risk
being significantly higher.

8. GENERAL DISCUSSION

Structural reliability in the presence of risks of ultimate failure and of fatigue failure is a
function of the applied load spectrum, and particularly the high loads, and of the strength distri-
bution and its rate of decay under the spectrum. We might describe these loads as "fatigue
forcing" loads since many loads which help to initiate and to propagate fatigue cracks are too
small in magnitude to be the final one which causes collapse. Crack propagation is an averaged
effect and is not related to each individual successive load of the spectrum: the effects of crack
retardation by single high loads, or-crack acceleration by large loads of opposite sign or what-
ever, are not taken into account in current reliability approaches.

The structural behaviour of the material with time, when cracked, has a most marked
effect on the reliability or risk at any time. Materials with "brittle-type" failure properties, such
as ultra-high strength steels may support the initiation and growth of cracks for a considerable
period without loss of strength, so that the reliability is unaffected until the strength-reduction
threshold is reached, whereas with the more ductile behaviour of aluminium alloys strength
decay and increasing fatigue risk commence together, immediately when crack initiation occurs.

Where'there is a significant probability of ultimate failure (failure by loads greater than the
ultimate strength), there is also a significant probability that structures which are fatigue cracked
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%ill fail by loads greatei ihan their ultimate strength. i.e.. he •tructures would have failed at the
particular time and applied load event whether they had been fatigue cracked or not. Reliability
ti.-orv, properly applied, separate% these possibilities. In this report we define fatigue failures
as those where the failure load is less than the virgin ultimate strength. Ultimate streo,.,h failures
can onl, be reduced by inclcasing the ultimate strength or by truncating the top of the load
spectrum. perhaps b% a placarded limit on the aircraft operation. Fatigue failures are capable
of reduction by replacement with new components, or, in the fail safe area, by inspection For
structural proolems the risk at an instant is not uniform over the population: it is greater on
weaker members- It may be averaged. to indicate the population depletion by the next load,
however, each structure. whether weaker or stronger, is acted upon not by the average but by
its own risk. The adoption of instantaneous risk averaging for determining future reliabilits
leads to underestimation of future reliability and over-estimation of future risk.

The distribution of strength of a population changes with time. With strength preserved,
the survivors evolvc to become, on the average, stronger with time, and the risk rate decreases
with time. With a population deteriorating by the normal fatigue processes, the average strength
falls with time, but again, weaker members are eroded more rapidly, so that the distribution
becomes more and more positively skew, and no member survives to the point where its strength
is zero. or falls to say, the level flight load. In one example, no members survived till their
strengths had fallen below limit strength.

The safe life criterion of a probability of failure of 10 ' in the lifetime, when applied to fighter
aeroplanes, ma, produce a fatigue risk comparable to the static failure risk if the lifetime is short.
for a longer safe lifetime (say 5000 hours) the fatigue risk may well be an order of magnitude
lower. Consideration is directed towards the adoption of a safe life criterion expressed as a
tjme-aserage risk rate per hour. and to the adoption of a figure comparable w ith the static ultimate
failure risk. For civil transport aircraft carrying fare-paying passengers, the fatigue risk goal
proposed by Lundbetg of 10 ' per hour has never been upstaged.

If a structure is inspeclable and capable of being treated as fail safe. withdrawal from
service when a crack is detected, however smatl. may be economically disastrous without
signiticantl% reducing the risk. Where crack growth rate between inspections is small, and its
%ariabilits is confident!y known, the intervals between inspections and the crack siue for with-
drawal from sersice shoulu be mutually chsen to optimise the ulilisation of survivors, while
keeping the risk within bounds.

The estimation of reliability and of risk can be made with mathematical precision if the
input data arc precise. In any practical case the input data are neser precise, sinee they involve
sampling errors in the measurement of those parameters which are measured upon structures
of the type in question, and personal judgements about parameters wA'ich are attributed to the
structures in question but were measured on other structures: they involve estimations of the
load spectrum, including at high loads where the frequency may be less than once in the life-
time of an aeroplane and even as !ow as once in the lifetime of a fleet: and the withdrawal from
service of safe life or fail safe structures devolves upon the use of limiting acceptable values of
the reliability and risk, which also are matters of personal and generally corporate judgement.
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DISCUSSION

QUFSTION 14Wing Commander S. WoodburY
RA A4 F

I would like to comment on one of the concluding remarks of your presentation and that is
that for a fleet the maximum acceptable probability of failure due to fatigue should be about the
same as that due to static overload. From a fleet operator's point of view this may not be appio-
priate because of the different implications of each type of failure.

A static overload failure implies that the structure has experienced a rare and chance esent
and hence all consequences of the failure are associated with that aircraft and this has little or
no consequences for the remainder of the fleet. Whereas a fatigue failure implies a weakness in
the fleet as a whole and can lead to grounding of the fleet- Operators should try to avoid this if
at all possible hence the probability of fatigue failure should be kept as low as possible.

Author's Reply

It should be remembered that it was in respect of fighter type aircraft that the author proposed
the adoption of an acceptable fatigue risk comparable with the ultimate static failure risk.
Normally the armed service in question, the crew and the general public accept higher risks in
fighter type aircraft than in passenger carrying vehicles.

Thi; task of assuring fatigue safety in military aircraft was first addressed in Australia in
respect of bomber, fighter and trainer aircraft (viz. Canberra, Vampire, etc.) and these were
treated as "safe life" structures because their integrity could not be established by inspection.
The criterion then adopted to determine the safe life was a probability of failure of 0-001 during
the lifeiime. This criterion is still used, although it now appears less than satisfactory because it
penalises structures with long safe lives as compared with those with short safe lives. For the
average risk rate per hour (which is, after all, the significant measure of risk), being the ratio of
the probability of failure during the safe lifetime to that lifetime, will be smaller the longer the
safe lifetime. Whether the structure of an aeroplane is "safe life" or "fail safe" or "safe-by-inspec-
tion" the author thinks that there is a need to examine critically the risk rate which is regarded
as acceptable.

The static structural failure rate of fighter-type aeroplanes is of the order of I : 10 5 per
hour (Pugsleyj quotes 3-2 . 10-* per hour, Australian experience with the RAAF Sabre fleet
was I 10 5, our Example A2, illustrated in Figures 9 and 10 gives 4.5.r 10- per hour). If we
accept this failure rate, for aeroplanes with a life of type of 5000 hours, the probability of failure
of an aeroplane during its life is 5 x 102, and the expected number of failures in a fleet of 1000
aeroplanes is 50. If the life of type had been limited by the currently adopted Australian fatigue
probability of failure, viz. 0.001, then the expected number of fatigue failures in the same fleet
in this time is one.

If one were to require another 1000 hours of service from this type, either by buying a new
fleet and pensioning off the old one, or by continuing to use the old fleet, the expected number of
ultimate failures would be 10, while the expected number of fatigue failures in the old fleet would
still be less than one.

This being the case it appears to the author ludicrous to pension off the fleet at 5000 hours,
and ludicrous to adopt a fatigue failure rate of 10-` in a fighter aircraft lifetime.

The time between the expected first fatigue failure in a fleet and the expected second failure is a
direct function of the real scatter. If the real scatter is small then the second failure will foilow
hard on the heels of the first, or, as Wing Commander Woodbury has said, the expected first
failure is a forerunner of imminent failure of many more of the fleet. If the structure is classed
as "safe life" and the real scatter is small only a small scatter factor, applied to the mean IVe', will
ensure a nominated safety level. If the structure is used past this safe life, the risk rat: of ultimate
failure will not change significantly, but the risk rate of fatigue failure will increase rapidly.
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If the real scatter is large, the time between the expected first and the expected second
failure is large, and the event of one fatigue failure does not presage an immediate second
failure or imminent failure of many of 'he fleet. Continuing to use the fleet past the first failure
event does not make an immediate significant change in the risk of either ultimate failure or of
fatigue failure. If the real scatter is large, a large scatter is necessarily applied to the mean life to
ensure a nominated fatigue safety level.

If the real scatter is small, but a large scatter factor is being applied to the mean life because
the mean life is assumed hNighly uncertain, then the event of the first failure could be interpreted
as presaging the rapid and unexpected approach to the mean lifetime: it could be used as a better
guide to the mean value than the -riginal estimate was. In these circumstances a first fatigue
failure would be a logical justification for grounding the fleet.

In the case of "safety-by-inspection" the author doubts the wisdom of aiming to "keep
the probability of fatigue failure as low as possible". In our example A(2), illustrated in Figures
9 and 10, the curves labelled Inspection Schedule r show the effect of removing structures with
very small cracks. Four per cent of the population remains after 200 hours and none are left
after the inspection at 300 hours. if the safe life had been declared to be that life at which the
survivorship of fatigue and ultimate failure was 0-1% less than the survivorship of ultimate
failure alone, the saf'e life so obtained is 440 hours, and in this lifetime the probability of ultimate
failure is 0.2,,. If Inspection Schedule E were adopted (in which the total risk never exceeds
9.5,,t 10 6), 50% of the population would survive past the inspection at 550 hours, and this
would be the average fleet life available. If one were to use the Peet until the probability of
fatigue failure became equal to the probability of static ultimate failure the life would be 650
hours, and the probabilities of failure in each mode would each be 0-0029 as shown. In this
case the peak risk rate near 650 hours wouid climb to about I -6x 10'. Adopting this as a safe
life, for a fleet of 100 aeroplanes, would still lead to an expectation of less than one failure in the
fleet lifetime, and if such occurred, it would be eiually likely to be an ultimate or fatigue failure.
However, the author would prefer to be able to wo,-k with the example fleet as "safe-by-inspec-
tion", using, say, Inspection Schedule E, because the risk in this case is very little affected by the
frequency of inspections, and it may be inferred that it is not greatly affected by the value of H,
i.e. the mean time for the strength to fall to the arbitrary level by which H is defined.

QUESTION -Sqn. L.eader Bryre,
RAAF

According to the current ARL theory of reliability, the survivorship function always reduces
throughout the aircraft's life. This approach may be appropriate for an artificial infinite fleet
where the results of inspections are purely the calculated rejection rates. In the RAAF, however,
the results of actual inspections may be used to modify the calculation of the survivorship
function for a real aircraft. If an inspection has been carried out on the critical component of an
aircraft, 'nd no crack has been found, the operator may postulate that he now has as much
information about that aircraft as he would have had, had the aircraft been continuously
inspected throughout its entire life up to that point. Thus post facto the operator now know-
that the actual risk which he has been sustaining has been far less than he had calculated while
the possibility existed prior to the inspection that a crack had been growing in the critical
structure. The risk has in -fact been merely that under the risk function curve for continuous
insnection.

Thus, while before the inspection it is quite logical to calculate the vilue of the survivor-
ship function by integrating the entire area under the risk curve, and subtracting it from
one, after the inspection it is not logical to do so.

After the inspection the area under the risk function curve, for that period prior to the
inspection, which should be integrated is logically simply the area under the risk function for a
continuous inspection situation. This results in an increase in the survivorship function after
each inspection.

Calculation of the survivorship function in this manner Is realistic from an operator's point
of view, whereas the current method is not. It appears to be the logical way of transposing the
infinite fleet situation to the individual aircraft situation. In fact this approach would enable, I
believe, survivorship function for the unrejected Macchi fleet to remain above 0-999.

335



Author's Repli

Usually "reliabilit)" or "survivorbhip" is taken as the probability of the original population
surviving to a particular time t. After an inspection has been made, and some defectives have
been removed, the reliability is usually expressed still as the proportion of the original population
continuing to survive, as, for example, R(T.Y') in Equation (51) of the paper, although one may
evaluate it as the proportion of those which survived the inspection, as, for example, R'(T y")
in Equation (52) of the paper. In his calculations and in Figure 10, the author has used the former
interpretation.

As far as the risk rate is concerned there is no option as to its interpretation, for it is, by
definiiion, the proportion failing per unit time at time t, or the probability of failure at time t of
survivors at time i. In the context of this problem the average instantaneous risk before an
inspection is given by r(T) of Equation (35). and after an inspection (when the population has
been depleted by the defectives removed thereat) it is given by Equation (53).

It should be note that ARL theory of reliability is in a process of continued development
and this paper is merely the most recent exposition of its current thought. Strictly, the survivor-
ship is not the defect from unity of the integral from zero to t of the risk function: it is the negative
exponential of the integral from zero to t of the risk function, provided the risk on all members
of the population is uniform. Where this is not so, the negative exponential is summed over every
element of the population, as in Equation (15) if the population consists of discrete fractions, or
is integrated over the population, as in Equations (24), (34) and (51) if the population is continu-
ously distributed.

In Equations (51), (53), etc.. it is the limitation of the integration of H to the range
y', kd, < H < oc which, after an inspection, limits the survivorship and the risk functions to
onl, those of the population which have survived the inspection, and it will thus be clear that the
survivorship and risk immediately after an inspection at -,, are the same whether it was an
isolaited inspection or an instant in a period of continuous inspection. This is illustrated in
Figure 9 where the risk under Inspection Schedule E (with inspections at 50 hour intervals)
appears as a sawtooth curve at about r(T) = 9 x 10 ' per hour, commencing where the inspvLctions
comnenced at T - 350 hours, and continuing to T - !200 hours.

On this curve the risk after inspection at 650 hours is 8.5 , 10 ' per hour, and is identical
%,ith the figure under Inspection Schedule A, ,here the first inspection is at 650 hours, and the
same crack size for component withdrawal is adopted.

On this diagram, Figure 9, curves have not been drawn for the risk under continuous
inspection; however, the latter risk is the lower envelope of the sawtooth curve. Two other curves
on this diagram are the risk under Inspection Schedule F, characterised by inspections every
IGO hours and a more critical inspection procedure, with a crack size for component with-
drawal of 0.02 f,.; and also the risk rate function r(t'UV), i.e. the risk for non-deteriorating
strength.

It should be noted (and by example it can be seen from Figures 9 and 10) that inspection
schedules which detect smaller cracks and reject the structures containing them will cause a
more rapid depletion of structures left in service than inspections in which the detectable size,
or the crack size for rejection of the structure, is larger.

If the user is considering the question of risk upon a single member of his fleet which has
survived inspection with no detectable crack, then the user's fleet may be regarded as having
been sampled from the infinite population assumed in the calculations, and the individual air-
craft as one out of a fraction of that sample whose time for a crack to reach detectable size is
longer than the time to that inspection. If at this inspection time the calculations showed a high
probability that all structures are detectably cracked, while the individual structure was not,
then doubt would be cast upon the assumptions of the calculation. Similarly, if at that time most
structures were found cracked and the calculations showed a low probability of the structures
being cracked, the assumptions might similarly be doubted.

If at an inspection time Yt a structure were found measurably cracked, and yet not cracked
to the degree requiring removal, then knowledge of the crack size and the time y'r would permnit
an evaluation of the structure's characteristic time H. This would remove the need for inte-
grating the reliability and risk functions over the variable H, and so the reliability and risk would
become, after Equations (51) and (53),

R(T;yJ') fJ exp - r [ m(U, C(tH)/0.} dt]f(U,) dUa
and
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rif ndL Z(i. I/) C.o . R( I U,, 1I)f(U0 ) dUb'

fJ R(TL'U, H)f(LQ) a U.

where H has the characteristic value for the structt're in question.

Adi of the aboxe procedures are potentially applicable to the problem of the Macchd, men-
tioned by Sqn. Ldr. Bryce. However, as :he author has pointed out in Sections 6 and 8, the

adoption of an acceptable probability of failure in the lifetime of 10 ' (survivorship 0-999)
equates to a risk of the order of 2 . 10 7 per hour which is so small in comparison with the

ultimate static failurc risk of fighter and trainer aircraft as to be unrealistically small. Also the
author understand% that the Macchi aircraft has a structure which is inspectable in parts and
not inspectable in others. The consideration of the overall risk requires a combined approach,
taking into accaunt the risks in all relevant locations. The question of what is an acceptable
risk ajso deserves reconsideration.

QUESTION - Sqn. Leader A. J. Emmerson,
RAAF

The problem we face is the practical application of this approach. Aside from its use in
general design or a:-craft type evaluation, a primary application is in extension of an otherwise
inadequate safe life on a safety by inspection basis. This requires hard numbers from the theory,

and in particular hard numbers relating to the probability of survival of a nominated individual
aircraft. Given tiat an individual aircraft has its own unique crack growth curve and measured

flight load history, wkhat ar., the prospects of expanding the theory to permit derivation of the
probability of failure before next inspection for an aircraft in which the correct maximum crack

size in the critical area is known?
The problem seems to lie in the assumptions lying behind your Figure Ia.

Author's Reply

It is the role of reliability theory as applied to the structural fatigue problem to provide

formulae to calculate the probability of failure between one inspection and the next, for aircraft
being treated as safe l-y inspection.

The survivorship (calculated on the basis of the size of the original population) immediately

after an inspection at ":., and immediately before the next inspection at y2 may be described
as R(-:1 -.,,) and R(-:, '.') respectively, and may be calculated by putting -r, or y'2 in place of T
as the upper limit of the integration of the variable r in Equation (51) of the paper.

Subtracting R(y 2 y,) from R(-,, -"-,) gives the probability of failure within the time interval
from y, to y2. Or writing {R(yv :y) - R(y 2 :yi)} ÷ R(y- yi) gives the probability of failure
of survivors of the first inspection. The above expressions are based on the assumption that at
an inspection structures are divided into those which have or do not have cracks of a size appro-
priate for withdrawal from the fleet.

If at an inspection an individual aircraft is found to have a crack which is measurable and

yet not as large as to require withdrawal of the aircraft from service, knowledge of its size and
the time yi permits evaluation of the structure's characteristic H value. It may then be treated
as an individual with known crack propagation behaviour, but unknown residual strength. A

question posed by Sqn. Ldr. Bryce amounted to the same thing, and expressions for risk rate and
reliability in this case are given in the answer to his question.

QUESTION-Sqn. Leader A. J. Emmerson,
RAAF

Would you please comment on the acceptability of the concept of calculating the mathe-
matical expectation of a particular crack in a fleet for the purpose of predicting future aircraft
losses caused by that crack ?

Author's Reply

It would appear to me that the mathematical expectation of a crack (at a particular location)

in a fleet is the defect from unity of the survivorship uncracked, i.e. the survivorship under
continuous inspection as given by R,-(T) in Equation (54) or under intermittent inspection as given
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by R(Tiy,) of Equation (51) of the paper. When the instant Tconsidered coincides with an inspec-
tion time y, the expressions are identical.

If at some inspection time the actual survivorship uncracked of the fleet is found to be
reasonably in accord with the calculated expectation, one may have confidence that the assump-
tions for calculating the expectation have been, if not individually proved, at least collectively
supported, and confidence also that the assumption may be an adequate basis for the calculation
of the survivorship, or of the risk rate of catastrophic failure at some later time, as given by
R(Tly,) of Equation (51) and ry (T) of Equation (53) of the paper,

If there is no confirmation by inspection of the expectation of cracks (either because no
inspections were made, or no cracks were observed) the prediction of future losses by failure
can be no better than the prediction of present cracking. But of course, if the structures are "safe-
by-inspection", future concern is primarily with the fraction of the fleet surviving inspection to
some future life, and not with the expectation of catastrophic failures during the future life.

For a "safe-by-inspection" fleet, the size of the fleet surviving inspection at a particular time
depends upon the crack length above which a structure is withdrawn from service. If the
nominated crack size is very small the risk of catastrophic failure only grows slightly more than
the risk of ultimate failure with non-deteriorating strength, but the population dwindles rapidly.
If the crack length for withdrawal is larger the fleet will last much longer: the risk rate will in
consequence be higher, though the risk of fatigue failure may still be no more than the risk of
ultimate static failure.

Nevertheless it must be remembered that the occurrence or absence of cracking in members
of a fleet which has accumulated a total hours H is no evidence concerning the integrity of an
individual aeroplane when it shall have flown to a life of H hours.

QUESTION-Sqn. Leader A. J. Einnierson,
RAAF

Conventional design procedures make some strength provision against the probability
of fa!lure under a single high load, by requiring that-the structure be designed so as not to fail
catastrophically under a load typically at least 1-5 times the highest load likely to occur in
service (i.e. 1.5 times limit load).

To what extent would the procedures described in your paper unnecessarily duplicate this
provision?

Author's Reply

It is true that the design strength requirements for aircraft require that they shall sustain
without collapse a load 1 5 times the "limit load", and the latter is described as the "largest load
likely to be encountered in service". Design strength requirements have to anticipate future
experience by some extrapolation of the past. Some aircraft never encounter an event of limit
load during their livcs : others encounter more severe loads, albeit rarely. Some, more rarely still,
encounter a load greater than design ultimate strength, and-join the statistics of structural failures.
The design strength requirements arc set at a level which by past experience leads to a sufficiently
small count of catastrophes that it is acceptable to users, whether they are a military service or
the general public.

The procedures described in my paper permit calculation of the risk of ultimate static failure,
knowing the applied load spectrum and the structural properties. They are not couched in a form
particularly suitable as a design requirement, and the necessary data are usually not available
at the design stage. Where the data are available the designer may use the procedures to estimate
the risk of ultimate failure, and to upgrade his design if he thinks necessary.

QUESTION-Dr. L. H. Mitchell,
ARL

At first sight it would seem that reliability has to do with infrequent events and therefore
the tails of the distributions of the variables involved. Also I would have thought that the un-
certainties regarding the tails would be much greater than the uncertainties in mean values.
Could Dr. Hooke comment on the importance of the assumptions about the distributions
assumed? 4
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Author's Reply

The theory of aircraft structur.'! reliability and risk has to do with both frequent and rare
events. the formcr when dealing with ihe expected life to failure (of which a laboratory fatigue
test life is an estimator), and the latter when dealing with a safe life or a safe interval between
inspections. A safety factor relates the expected life to the safe life, and therefore the frequent
event to the rare event.

One would expect the uncertainty in determining mean values to be less than that in deter-
mining extremes, but it is shown in Section 7 of the paper that, for example, estimation of the
mean or median endurance H is fraught with considerable uncertainty when only a single fatigue
test is carried out, and similarly the estimate of median virgin strength 0. is of dubious precision
when derived from a single static strea:g!b test.

Nevertheless it is true that the risk of fatigue failure results primarily from the interaction
of the upper tail of the applied loads distribution function with the lower tail of the distribution
of residual strength, which lower tail is also related to the lower tail of the distribution of the life
to critical crac:k size.

Of these three distributions it might be thought that the upper tail of the distribution function
of applied loads is the most significant is regards variability, since loads of about the median
virgin streneth occur about once in the lifetime of a fleet, in fighter aircraft, and perhaps less
often with transport aircraft. However. ti.!ure 6, showing the distributions of residual strength
at successive times reveals that structures whose strength is progressively decreasing, never
survive past the point where their strength is reduced to about design limit strength, so that if
every aircraft was used till it failed, the failing loads would be those lying between ultimate
design load and limit load. There is less uncertainty about these than about the extreme tail.
Similarly the shape of the distribution curve of virgin or residual strength has been investigated
and proves to be not highly critical, hut the value of the mean or median strength is critical.
The lower tail of the strength-decay-time parameter is critical, and this is often determined
by the application of a scatter factor to a laboratory-observed strength-decay -time, and here
again the uncertainty i' compounded from the sampling error intrinsic in a test on one com-
ponent, and the uncertainty involved in apnlying a scatter factor derived from tests on other
structurcs (possibl) under different load specti i) t',an the one in question.

The uncertainties intrinsic in aircraft structural reliability analysis are at present perhaps
the most important area of study.

QUESTION-P. J. Howard,
A RL

You say that aircraft remaining in an aged fleet have been selected for streng;h. Could they
not also be selected for luck, in that they may be weak members who have fortunately avoided
high loads?

Author's Reply

On the definition that "luck" is "that which happens by chance, fortune or lot", the sole
concern of reliability theory is "luck". As with people, so with structures, life is a trial of strength,
and the weaker are more likely to succumb to an event of stress than the stronger. In the spectrum
of loads occurring on a fleet of aircraft, higher loads occur less frequently than lower loads, so
that chance will cause the weaker, sooner than the stronger. to encounter and succumb to a load
greater than each one's current strength. Considering all at the same "age", i.e. after the same
number of hours or loads encountered, more of a particular strength will have survived (on the
average) than of any lower strength. In the "fighter" example of the paper, and with the assump-
tion that strength does not deteriorate with time, Figure 8 shows that, by "natural selection"
the population of survivors acquires enhanced average strength, while, on the assumption that
strength does deteriorate with age, Figure 6 shows tha! "•iuaral selection" causcs the survivors
to have higher average strength than if the weaker had not been eliminated, though, of course,
not as high as the average virgin strength. While an individual weak member may last longer than
an individual strong member, this will not be so on the average. The survivors are selected by
luck, rather than for luck.
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QUESTION -J. Li ick.
Anm.elr Airlince

Hooke in his revic',, (Tech. Memo 253). on page 3 warns against unwittingly attribut.rng
too much reliability to the precision of the mathematics in estimating fatigue lives.

Mann agrees with this quoting life factors of between 0- I to :0.0. It "1ppears that in spite

of these statements both speakers (Hookc and Payne) are producing more and more precise
mathematics in an attempt to deal with a highly random and unpredictable subject.

In practical aircraft operating environment fatigue testing -no matter how carefully applied
-is not considered to provide meaningfu! data beyond about ,00 hours flying time. This is

due to the influence of other factors--corrosion, manufacturing errors (e.g. Viscount VH-RMQ).
noise and imall loads which are omitted from the fatigue test, etc. The only manner in which the

behaviour of an aircraft fleet can be predicted is by observi'ng the behaviour of that fleet in actual

service. One procedure that has been put forward in this respect is the so-called 95,95 approach
proposed hy Boeing aircraft. This technique appears to have been almost totaily ignored at this

symposium. Is this due to the fact that the speakers consider the technique invalid-if so what

alternative do they offer for life prediction of a fleet in a real, as opposed to a laboratory,

environment'?

Aulhor's Reply

It is the forte of reliability theory, as applied to structural fatigue, that, unlike conventional
semi-probabilistic analysis, it does not regard a structure as unsafe when its strength has fallen

to some arbitrary level, but it assumes that failure will occur whenever a structure encounters
a load greater than its current strength. The theory applied to a structural and load frequency

model, in which all of the relevant parameters are identified and specified, and ios application
leads to results which are, for the model, absolutely mathematically precise. It seemed to the

author worthwhile to explore this problem.
In the Introduction the author has pointed out that the mathematical mode! may fail to

represent accurately a particular real problem as a result of sampling errors arising from the

smallness of samples, and of the personal judgments made in attributing properties (including
such effects as environment) to the model, and also in deciding acceptable safety levels.

It is true that if the input data to calculation do not include the effects of corrosion which

occurs in service, or of manufacturing defects made on one but not all of the fleet, then the
result of calculation must be suspect. Where a structure is capable of being treated as "fail-safe"

or "safe by inspection" it is agreed that observation of its behaviour in service is a good guide

to establishing its safety.
Since inspection cannot be continuous, the application of reliability theory provides an

indication of the required inspection frequency and the expected fleet total lifetime allowing for
losses at inspections, as well as by attrition in service, and comparisons of service experience

with theoretical prediction permit updating of the input data to correct for earlier errors and

unrepresentative environments, etc. The author does not consider the 95,95 approach proposed

by Boeing invalid, though time and space limitations prevented its consideration in the paper.
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QUESTION A. 0. Payne
(4 RI.)

i,. Hooke has made a detailed presentation of risk equations for the case of a single type
of failure in a popu;ation o1 structures. In thiu, .omment I would like to draw attention to certain
aspects of the analysis illustrating what are in my opinion the essential problems in the successful
adoption of the Reliability Approach in Strctural Airworthiness

The reliability approach to fatigue is a rather complex procedure involving multipie
probability integrals and requiring a very extensive body of data relating to the ful! !cale structure
particularly as regards the fatigue characteristics and the residual strength properties.

It is not possible to obtain all of these extensive data in the general case: recouuic is had to
using a physical model of the fatigue process to enable simplifying assumptions to be made, thus
reducing the data requirement and enabling representative data from other structures to be used.

Ealuation of the integrals is usually not possible by analytical means and this difficulty
is oercornc either by making simplifying assumptions as regards the data functions in the
integrand. to make the integration Ir-z.ibie, ur by using numerical methods which again intro-
duce difficulties with computing time and accuracy. It is important in my view to make realistic
simplifications in the risk analysis where possible so as to reduce the comnutational difficulties
and tt-e data requirement rather than apply a more complex anal% .N which i.creases the basic
approximations involved and the uncertainties in the assumed data.

On this aspect I disagree with Dr. Hooke. Referring to Section 5 of his paper for example.
he has applied his analysis to the case of a fighter aircraft assuming linearity in residual strength
and in crack propagation following References 10 and 13 of his paper. where the effect of these
assumptions can be clearly seen.

In Reference 13 D)r. Hooke has calculated the risk of fatigue failure for a t'pical fighter
aircraft assuming a log normal distribution of life about a median value of 8.000 hours with
standard deviation s-d = 0.2.

The risk function is calculated on the assumption of a linear reduction in strength from zero
life to final failure. While it considerably simplifies the integrals in his complex expression for
the risk function, this is an extremely conservative assumption for any aircraft structure. In
Reference 10 a calculation has been carried out using the same load spectrum for a very similar
case ofa fighter aircraft (with a mean lile of 8.000 hours and s.d. -. 0- 176. 2 = 0.24). Hosever.
in this case the risk function was simplified since the variability in strength was not included
and a much more realistic assumption of a curvilinear crack propagation curve and correspond-
ing residual strength versus life curve was used.

The basic input data for the two cases was therefore verN similar giving safe lives according
to current rilitary airworthiness requirements' of 2.000 hours and 1.520 hours respectise!y
(based on 999' Probability of Survival) but the results calculated by the reliability analysis
for the two cases differ widely. The life to Reliability of 99'9'. is 200 hours in the first case
and 1,200 hours in the second. The result in the first case is so much lower than the safe life
estimated by the currently accepted military airworthiness requirement as to indicate a com-
pletely overriding effect from the conservative assumption involved. This is in contrast to the
second case where the simpler reliability equation with a physically realistic model of the fatigue
process has given a realistic answer.

In the first case the advantage of the probabilistic approach as compared to the conven-
tional airworthiness procedure of specifying an arbitrary residual strength requirement has been
masked in my opinion, by the use of an unwieldy expression for the risk function associated wilh
unrealistic assumptions concerning the basic data.

The difficulties in applying the reliabiliiy analysis become much more apparent in the general
case of combined static and fatigue failure. In a complex structure static failure occurs by a
different mechanism (often by compression buckling) and usually in a different area to fatigue
failure and possibly under different loading actions (load ,ipectrumr).
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These diiffculties' hae been show, n by recent work in the U.S.A. in particular in the compre-
hensive anal~sis bI Bouton cral 2 The reliability under statki loading within placard limits and

under conditions of high o'erload are both considered. The reliability in fatigue is included,
based on the philosophy that the fatigue life can be estimated on the hais of an increasing
risk of static failure with decreasing residual strength in the critical area. There are some simi-

larities with the conventional procedure hut the method considers failure in a probabilistic sense
and alloMs for the %ariability in material properties and in the fabrication process: an allowance
is also introduced for sariation in the mean strength property due to inaccuracies in the design
pr ocess.

The procedure has been inmestigated by application to the C141 transport aircraft.3" The
principal conclusion from that study was that the implementation of the complete system for
static and fatigue strength would be premature at this stage since there is insufficient data avail-

able to cstabli;h the risk of failure in a complex structure under the various loading conditions

that apply. Howsever, it was considered that partial application to design could be done for
testing and ealuation of the method.

I therefore suggest that the successful adoption of the reliability approach in structural
airworthiness depends on developing a physical model of the structural failure modes which
will reduce the data required and simplify the risk analysis as much as possible, paying due

regard to the accuracy of the assumptions and approximations involved in evaluating the risk
function.
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Author's Reply
The author is completely in agreement with Dr. Payne that the reliability approach to

fatigue of structures is -j rather complex procedure, involving multiple probability integrals

and requiring an extensive body of data. The author also agrees with Dr. Payne that the success-
ful adoption of the reliability approach in structural airworthiness depends on developing a

realistic physical model of the structural failure modes. On the other hand the author disagrees
with Dr. Payne on two points, in that he (the author) contends that:

(I) a rigorous mathematical treatment of the problem does not present insuperable diffi-

cultv it does not necessitate the use of simplifying assumptions either of the equations
or of the functions or parameters: and

(2) "risk averaging" used b) Dr. Payne is a significant departure from a realistic physical
model of the problem.

In order to address the problem mathematicaiiy the population'; structural properties

must be expressed in mathematical or functional form, such as the parameters R. a. 0.o. -t-
,,Il). {(i), r(bU0U). listed in the author's Table '. The constants and parameters are

chosen to be those best fitting to the data available, and, where precise data are deficient, such

data are attributed to the population. Thus is defined a structural model with properties which
are the best descriptors of the real population which the model represents. In Section 7 of the

paper is discussed the reliability of' the results when the parameters cannot be defined precisely

because of sampling error.
Once the properties of the structural model under study have been thus "'optimised", the

author treats it mathematically as having precisely defined properties, and the behaviour of this
model (population) when exposed to the load spectrum can be determined with rigorous precision.
The solution of the exact equations, e.g. Equations 35 and 34, 55 and 54, even though involving

multiple probability integrals, is not of insuperable difficulty. In these Laboratories two approaches

are used, in one case the functions are expressed as conjugate pairs o1 values of the function and its

argument flitting the experimental data, and adaptive and interpolative integration routines are

used, while the other approach is to fit the data plots with suitable analytical exprcssinms (in the
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author's paper, polynomials, piecewise linear and piecewise non-linear expressions) and use
standard computer integration routines. In either method the accuracy of calculation has been
demonstrated to be impeccable.

Regarding the second point, about risk averaging, the author sees it as basic to the struc-
tural reliability analysis that structures of differing strengths will fail at differing rates, suffer
different risks and therefore have different survivorships. The mathematical equations must
therefore pern;t the mrnthers of the population this liberty. When determining future reliability
it is not valid to treat all members as though they suffered the average risk. The author therefore
does not adopt the procedure of risk averaging, viz. writing the risk equation as

S= f,,J~ r(,, uoji dU.;odH

and the reliability equation as F

R(M) = exp - P'. i(t) dt,
approximations which are strictly correct only for R(t) = I. Without solving the rigorous
equations it is impossible to be confident concerning how far R(r) may differ from unity and the
approximation still remain acceptable. whereas the rigorous equations remain so down to any
low level of survivorship. This may be needed if one is evaluating the risk on survivors of an
original population after many have been removed at inspection, and replaced with new ones.

It is intellectually satisfying that use of the rigorous equations leads to results which match
some of the subtle behaviours expected intuitively. One such is the "survival of the fittest" dealt
with in Section 5.2 of the paper. Another is the observation that under the fighter-type load
spectrum used to obtain the results in Figures 6 and 10, no member of the population can survive
beyond the point where its strength has fallen to approximately limit load. These results do not

follow if the instantaneous risk rate is averaged to derive population reliability, and the proba-
bility distribution of strength is assumed invariate with time.

Other subtleties are of interpretation, as. for example, the question dealt with at some
length in Section 3.2, whether failure of a cracked but unweakened structure, under an applied
load greater than its virgin strength, should be classed as a static ultimate or a fatigue failure.
The question is not trivial, especially with structures of ultra-high strength steel, where the un-
weakened period may be as much as 95",' of the life. In some treatments (not.the author's) the
fatigue failure probability is calculated not by diffirencing the total failure probability and the
static failure probability, but by integrating equations for averaged total risk over all members
of the population of If except those uncracked. The inclusion, in this integration, of static
failure risk on all structures from those just cracked to those just bcginning to be weakened
produces a much larger answer (although the absolute values may be small), and leads to sig-
ficant underestimation of the life at which the probability of fatigue failure reaches its limiting
acceptable value. Where static failure risk is negligible (the civil aircraft situation) this error
does not arise, but, on the other hand, limitation of the range of integration to only part of the
population of 1I is then unnecessary. Similarly in some treatments the integration is limited to
exclude members of the population of 1t whose crack length has reached or surpassed right
through the structure. This is unnecessary where risk averaging is avoided, as the rigorous
equations allow that none of such members will have survived so long--their individual relia-
bilities will have reached zero long before.

These subtleties have been exposed and others are being exposed by continuing research
at ARL.

The two examples quoted by Dr. Payne from the author's previous work, though super-
ficially similar, were chosen as illustrations with different structural properties. The earlier
paper sought to investigate whether a reliability treatment gave results different from the conven-
tional approach, and concluded that the differences in reliability resulted primarily from the
former treatment's inclusion and the latter treatment's exclusion of static failure risk at the
primary fatigue failure location. The example in the earlier paper was chosen to represent ultra-
high-strength steel behaviour, with uniform virgin strength and a late fall-off in strength, while

that in the later paper was chosen to represent a more ductile material's behaviour, with dis-
tributed virgin strength and an early and prolonged fall-off in strength. The results are not
directly comparable with conventionally deduced safe fatigue lives unless the probabilities of
static failure are subtracted. The earlier fall-off in reliability found in the later paper's example

arises from its strength properties being more unfavourable than in the earlier paper's example.
If, as is sometimes, but not always, the case, static ultimate failure can occur earlier at

another location than at the principal location for fatigue failure, the single-failure-location
model is inadequate, and the risk of failure at the other location(s) must be computed and added
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to the total risk at the first location, so that the surviVorIship of the popuiation ma% be corrcctl%

Thcrc has, becn. as Dr. Paync obevced, an upturge of wntercst in ap cati~n', i~ f •,ruttural

reliabilit, iheorN to aircrauft problem-, in the USA. the UK and Sweden. and the work in
-. ustralia has not been slight. The spread of understanding of and cxpertie in the method is
c..couraging. and as far as Australia is concerned, applications are currently being implemented
here -Ahich would have been regarded as premature five years ago. No doubt, as more experience
is gained with. and a deepe; understanding acquired of. the reliabilit, approach to structural
airworthiness. and predictions of the method are tested against experimental evidence of the
jife of aircraft structures. the differing ,iews currently held among practitioners of the art vill
be proýresivel% resolved.
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CURRENT RESEARCH AND DEVELOPMENT



LOAD INTERACTION EFFECTS IN FATIGUE

CRACK PROPAGATION

by
G. W. REVILL,
NINGAIAH,*
J. M. FINNEY

SUMMARY
A number of test parameters, including the relative magnitudes of loads, their

precise sequence, cycle hold times, environment, and material thickness, influence the
effect of load interactions on fatigue crack propagation in metals. Some experiments on the
influence of material thickness are described. For 2024-T3 aluminium alloy specimens
the delay in crack growth caused by a single overload was greater by a factor of about
8.5 for 1.6 mm thick specimens than for 6.4 mm thick specimens. The practical impor-
tance of this effect is emphasised.

Various proposed mechanisms of load interaction are described as well as models
for quantitative predictions. The models all incorporate the extent of crack tip plasticity
into the Paris formulation of fatigue crack growth. They do not accurately detail the
course of crack growth through the interaction period.

It is concluded that satisfactory prediction of interaction effects will require some
materials information, obtainable only by test. How close the generation of this infor.
motion comes to replacing prediction by test remains to be seen.

* Now at the National Aeronautical Laboratory, Bangalore, India.

347 
]MJmm IW I&G BLA3WmO? T



NOTATION

I, 2 Suhcripts denoting first load applied, second load applied.
a Current semi-length of crack
ad Increment of crack growth during retardation
a•, Distance from crack orig'n to the elastic/plastic interface ahead of the crack tip
B, D Constants
C Paris equation constant
C' Wheeler retardation parameter
COD Crack opening displacement
E Modulus of elasticity
G Shear modulus
K Stress intensity factor
-AK Cyclic range of K
K, Value of K at fracture (fracture toughness)
KA, Plane strain fracture toughness
Kerr Effective value of K
Km,,, Maximum value of K
Kth Threshold value of K required to propagate an existing crack
Kth•h Basic (constant part of) K~h
ni Paris equation exponent
n Wheeler retardation e.ponent
N Number of load cycles
Nd Value of N involved in crack growth delay
p. q Constant exponents
R Cyclic stress ratio (equals minimum/maximum stress)
R•, Length of plastic zone associated with cyclic load
r Distance from crack tip

(Z Constant exponent
1 Work hardening coefficient

Plastic work term
Plastic strain amplitude
Yield strain

,•,. Fracture strain
Cyclic stress
Yield stress
Static ultimate stress

am Mean of c)clic stress range
p McClintock process zone size
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I. INTRODUCTION

The last 15 years of fatigue research has seen a marked shift in emphasis from earlier decades.
The reasons are twofold. Solution of the elastic stress field around the tip of a crack I.2 has led
to the application of fracture mechanics to fatigue crack propagation 3 with some success. In
addition, it has been more clearly recognised that the propagation of a crack to final failure
could account for a major part of the total fatigue life, and that much useful service life could
be obtained from cracked structures-including aircraft structures. A heavy emphasis on crack
propagation research has followed.

The natural aim of much of this research is to generalize analytical expressions for crack
propagation incorporating a minimum of test data, or at least incorporating data which are easy
to obtain. Many expressions have been formulated which enable "'reasonable" predictions of
crack propagation rates under constant-amplitude cycling, but when such expressions are applied
to a non-uniform loading sequence their predictive accuracy often suffers badly.

Load interaction effects in multi-level sequences are evident when the crack propagation
rate during a cycle is different from that under constant-amplitude cycling. These effects occur
in both block programmes and random load tests. Considered relative to the rate of crack
propagation under constant-amplitude conditions, both accelerations and retardations in growth
rates have been observed. 4"5 In a block programme accelerations normally occur when the
preceding cycles are of smaller magnitude, and retardations occur when they are of larger
magnitude. Accelerations are normally of shorter duration than retardations which can be so
pronounced that, to all intents and purposes, a delay occurs in the growth of a crack despite
the continued application of cyclic loads. Such a delay is illustrated and its magnitude defined

in Figure Ia. Other patterns of retardation have also been observed and these are also illus-
trated in Figure I. Figure 2 shows the acceleration phenomenon, and Figure 3 illustrates the
symbols used in single peak overloading tests.

This paper describes methods currently available for coping with load interaction effects
in predicting crack propagation rates, gives the results of an experimental programme to deter-
mine the effect of material thickness on delay period, examines other factors known to affect
the delay, describes the various ideas already advanced to explain the effects, and finally

examines the possibility of generalization.

2. THE BASES OF CRACK PROPAGATION LAWS

2.1 Propagation Under Constant-Amplitude Loading

To understand why load interactions occur, and why certain formulations have been
proposed to account for their effects, it is necessary to appreciate the background of the variously-
proposed constant-amplitude growth laws. It is intended simply to outline the bases of such laws
with selected examples.

Strain hardening and fatigue damage models.
The first theoretical expression for fatigue crack propagation was derived by Head' who

considered a model of rigid work-hardening elements representing the plastic zone at the tip of
the crack. The fracture criterion is the fracture stress of each element and the following expressionl
was obtained:

da d a3 f13i2

where P is the work-hardening coefficient of the elements of original length I. Extensions of this
type of model have used:

(i) an expression for the plastic strain amplitude I, at a distance r from the crack tip
within the plastic zone of size R.; and

(ii) a fatigue fracture criterion.
McClintock" applied the formula for the plastic strain dcstribution in mode III to mode I,
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namely V ý t(R.'r I), and used the Coffin/Manson law for low cycle fatigue as a fracture
criterion. This yielded (using a CoffinManson exponent of m = 2)

dadN = 7.5P (q/epJN(RIp)2  (2)

wherc p is a "process" zone size at the tip of the crack. The physical meaning of such a process
zone leads to questions about the validity of this model.

A recent variant of this approach8 applies the cyclic stress/strain properties determined on
uncracked bulk samples to the material approaching the crack tip.

Theories using dimensional analysis
Using dimensional analysis and assuming that the factors controlling crack propagation

are similar no matter what the crack length, Frost and Dugdale 9 showed that:
da/dN = f(a) . a (3)

By experiment Frost " determined fr() = Ba 3. Using the notion that failure occurs at a critical
value of plastic work, Liu'' determined f(a) = Do2.

Models using crack tip geometries
A number of models are based on the idea that fatigue cracks extend because cyclic plastic

flow enlarges the surface area of the crack tip, and the enlarged surface becomes the crack
extension surface. The formulations of the various models depend upon the scale at which the
details are considered.

Using a dislocation model, and suggesting that fatigue crack extension occurs at a critical
crack tip displacement, Weertman I 2 derived the equation:

( Va) (4)
da/dN- 2yGoy(

where y is a plastic work term.
Neumann' 3' has shown that for a crack propagating by duplex slip, the average strains on

both sides of the crack tip are dependent on the angle between the slip planes and also on material
parameters which characterize slip inhomogeneity. For crack propagation to proceed under such
a model the applied stress must produce crack tip strains of the order of one.

On a coarser scale, TomkinsI' calculated the amount of crack tip "decohesion" using the
known plastic cyclic behaviour of bulk samples. and equated this to da'dN_ He obtained the
relationship:

dadN -- BAo3 aTa (5)

and demonstrated that this was similar to the Paris formulation (see following) at a particular
mean stress.

Semi-empirical formulations
In the early 1960s Paris"' 5 applied the newly developed fracture mechanics formulations

to fatigue crack growth and obtained the relation:
dadN = C(AK)iM (6)

This formula has been the basis of most subsequent developments in fatigue crack growth
relations and considerable theoretical and experimental effort has been devoted to establishing
the constancy of the parameters C and m. Paris initially proposed m = 4 which results from the
idea that the work absorbed per unit increase in crack length is constant. Assuming that all the
plastic work is absorbed at the crack tip, the amount absorbed is proportional to the area of
the plastic zone which is proportional to K'.

All energy-based considerations give m = 4. However, Miller and Throop"6 found that
rn = 3'5 with a standard deviation of 065 over 69 values. In recent years it has been recognised
that a constant value for m does not apply over the whole range of growth rates that may be

developed in a test. Crack propagation will not occur at AK values below a threshold value and
there is a gradual transition to the Paris relation as AK is increased. Similarly, a progressive
deviation from the Paris relation occurs as X approaches K,. It has been suggested"' that the
wide variations which have been reported for the values of C and m are caused by deviations

from the striation mode of fatigue crack growth.

2.2 Effect of Mean Strum

Except for the Tomkins model, the foregoing expressions for crack growth rates relate to
the cyclic loading in terms of its amplitude only. A non-uniform stress sequence, however, will
include "cycles" at varying mean stress levels, and since such variations affect the crack growth
rate," it is necessary to modify the expressions accordingly. A number of modifications to the
crack growth equations have been proposed. Most are semi-empirical developments of the Paris

350



equation, empirical in the sense that they have been composed to fit certain crack growth data.
although their credence lies in the use of fundamental materials parameters. Some formulations
have been derived theoretically however, usually by considering the details of the plastic zone
at the crack tip.

It is appropriate to examine several of these modifications because they demonstrate the
approaches taken when formulations are extended beyond the simple zero mean stress constant
amplitude case.

Forman et at.19 modified the Paris equation to include the criterion: as Kmnx- KI,
da/dN - x. and in the process accounted for the effect of mean stress since AK . K,,,,( I - R).
They suggested the relation:

da.d N -(7)
( I R)K -- %K

This equation has achieved only partial success in correlating experimental data. ".-20 [t also

has the limitation that K, is not a material constant but is geometry and environment dependent.
Pearson ".22 found that the Forman equation correlated the experimental data for high-

toughness alloys only, but not at high .1K Nalues. He successfully correlated a large body of data
by modifying the Forman equation to:

CIAK} t
da/dN (8)

A further extension of the Forman equation has been given by Erdogan and Ratwani 2 3 to account
for the threshold value of AK. They simply assumed that only part of the stress intensity range is
effective in propagating a crack, and replaced AK by (A.K-K,h). Their resultant equation
described their test data on 60bi-T4 aluminium alloy obtained at a variety of mean stresses.

Erdogan and Roberts 2
4.

2 5 proposed that the rate of propagation is related to the size of
the plastic zone ahead of and in the plane of the fatigue crack, and this proposal led to:

daidN -- C(K &,a)J (AK)q (9)

Roberts and Kibler26 compared this equation with the Forman equation and found that both
adequately represented the effect of mean stress. They argued !hat, if the fracture modes in
tension and bending are the same, and if the plastic zone size determines the growth rate, then
rates of crack propagation dut to bending could be calculated from data obtained in tension.
These ideas led to a further modification of the Forman equation:

da.dN QC(lI : ,)(AK,0)3  (0)K,-( l - 7).%KE

where " Kme..iAK. and, using Kr and Kt1 as the s:ress intensity factors for tension and bending
respectively, Kg is defined as:

K- Kr for plane extension,
Kr - K.R/2 for bending,
KE KT-i KBii2 for combined loading.

Equation (10) gave a good fit to their crack growth data on 2024-T3 and 7075-T6 aluminium
alloys.

Raju 2 has also related the rate of crack propagation to the size of the plastic zone within
the framework of fracture mechanics by using an energy balance model and considering two
sizes of plastic zone at the crack tip, an inner alternating plastic zone based upon AK and an
outer pulsating plastic zone based upon Kmax. From this model he deduced:

da (I = o-R)4- "1K4M,.,

daldN = K",_Klx (I I)

Elber" took a different approach, demonstrating by experiment that a fatigue crack may
be closed while the stress is still tensile. For 2024-T3 aluminium alloy he found by test that
AKett ý 0-5+0"4R.

Three conclusions arise from considering the developments of fatigue crack growth laws
to include loading conditions other than that of constant amplitude at zero mean stress.

(i) Formulations in the context of fracture mechanics now predominate for the good and
practical reason that they have achieved some success in correlating test data.

(ii) The test data which have been correlated (often only to within an order of magnitude,
however) are mostly constant amplitude data.

(iii) Extensions to the Paris equation (to cope with mean stress effects) are empirically
based.
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3. PARAMETERS AFFECTING I.OAD INTERACTIONS

Although it ii known tI-at hiad intetactions can drastically alter crack propagation rates,
to quantify such effects for predictive purposes it becomes necessary to determine the dependence
of their magnitude on the test conditions. For example, does the magnitude of any effect depend
on specimen size and shape, frequency of cycling, environment, or testing mode? If so, we are
approaching the position of actually doing the test under given conditions in order to obtain
the data necessary for prediction under those conditions' It is necessary to investigate all factors
which may affect crack propagation rates and then, hopefully, to generalize-a matter which
is discussed later.

3.1 Effect of Material Thickness on Delay

The effect of specimen thickness on the magnitude of the delay in crack propagation which
occurs after the application of a single high load has been determined as follows:

3.1.1 Test Requirements

Three requirements were considered important.
(i) For specimens of different thickness the nominal cyclic stresses should be identical and

the high loads should be applied at specified crack lengths.
(ii) The range of material thickness should be sufficiently large to cover different stress

states at the crack front. This requirement is counterbalanced by zhe need to use the
one testing machine at a constant frequency to eliminate the possibility of variations
in fatigue behaviour from this source. Load setting in fatigue testing equipment often
becomes inaccurate in the lowest lifth of the load range thus limiting the range of thick-
ness of specimens which may be tested at identical nominal stiets levels. A thickness
ratio of 4 : I was chosen, the actual thicknesses being nominally 6-4 mm and 1"6 mm.

(iii) Specimens of different thickness should have the same metallurgical structure, preferably
homogeneous across the thickness, and come from the same batch of material.

3.1.2 Material and Specimens

2024-T4 aluminium alloy extruded bars of rectangular cross-section (108 mm x II mm)
were rolled to either 6-4 mm or I-6 mm thickness and heat treated to the T3 condition by
solution treating, cold water quenching, stretching 5%, and precipitation hardening at room
temperature. After this treatment average static tensile properties were:

0 V% proof 0-2"% proof Ultimate
Thickness stress stress tensile Elongation

(mm) (MPa) (MPa) stress (%)
(MPa)

1•6 391 399 492 15"8
6-4 421 426 503 17-2

Plate specimens were made from this material to the dimensions shown in Figure 4. Photo-
graphic grids were reproduced on both polished faces of the specimens, one grid being used for
recording crack propagation, the other for monitoring the length of the crack at which high loads
were applied.

3.1.3 Test Procedure

All fatigue tests used a 600 kN hydraulic machine modified for cyclic loading, and a cyclic
frequency of about I Hz. Specimens were cycled under the gross-area stress conditions shown in
Figure 3 and the single high load was applied at total crack lengths (2a) of either 1 65 cm,
2.41 em, or 3 18 cm. These crack lengths represent three different stressing levels although the
ratio of high stress to alternating stress remained constant.

352



Table I shovs the nominal stressing conditions (in terms of K values) at each of the three
crack lengths. Automatic recording of the crack propagation was achieved by photographing
on 35 mm film, each frame showing the cracks and reference grid and the cycle count.

3.1.4 Results and Discussion

Figure 5 show's the basic crack growth rates for the two thicknesses of specimen tested with
and without high loads. Table 2 gives the delay periods for the two thicknesses and includes
also the crack lengths over which the retardation wvas observed (see Figure I for definitions).

There is a large effect of specimen thickness on delay, the thinner specimens giving an average
delay about 8 5 times greater than the thicker specimens. Similar trends have been noted recently
by other workers. Shih and Wei2 0 found a two-fold change in delay with 7075-T6 aluminium

alloy specimens for a similar range of thickness to that covered by the present results. Mills and
Hertzberg"0 covered a thickness range of 1 6 mm to 26 mm in 2024-T3 aluminium alloy and
also noted larger delays with thinner specimens. A criticism of this work, however, is the use of
different batches of material to obtain the thickness range. Shih and Wei do not report on this
aspect of their work.

Table 2 shows the trend towards longer delays with larger crack lengths and also indicates
the increasing proportion of the thickness taken up by plane stress fracture as crack length
is increased. Since there was always some plane stress fracture at the surfaces, calculated plastic
zone sizes ion the specimen surface) upon application of the high load were made using

1 A-K %2

R 2, 0-• ) w, here a,, was taken as the appropriate 0-1",, proof stress. These values are

roughly comparable to the increment of crack grow th (ad) during the period of retardation (Nd) as
shown in Table 2. This correlation was also noted by Mills and Hertzberg and indicates that the

dela) is the number of cycles needed for the crack to propagate through the plastic zone formed
by the high load. T1h -ct.;Jadd,,n models presented in Section 4 all use this correlation as a
basis. Unfortunately, the correlation lacks sufficient precision to predict the effect of thickness
on delay. This imprecision comes from uncertainty in the correct formula for R,. as well as in
the appropriate value for a,. Moreover, precise values of ad are difficult to determine because of
the shapes of the growkth rate curses.

Figur• 5 shosss that. in some cases, crack growth does not cease immediately after the
application of the high load, but the growth rate gradually decreases before accelerating to the
original value. This effect has been termed "'delayed retardation" and has been observed by
others." -, for example Figure 6 taken from Reference 34 shows the effect quite clearly. Delayed
retardation is more evident in cases of higher overload stress intensity and occurs after the

application of both single and multiple overloads.-" It has been suggested 3 2 that the effect ir
caused by the crack gradually penetrating the plastic zone of the high load and becoming
progressively influenced by the compressive stress which the surrounding material exerts on

the plastic zone. Howeer. it is not clear why the "clamp" should become stronger as the

crack grows through the plastic zone, alternatively, it may be suggested that the effect is a result
of changes in the shape of the crack front through the thickness. Since the retardation effect
is likely to be greatest at mid-thickness. the crack growth observed on the surface may
continue initially until a balance in degree of retardation is achieved across the section. It is
interesting to note that in the work cited above, and in the present tests, all crack lengths were
measured on the specimen surface only.

The results of the present investigation given above apply to specimens cycled at constant-
load amplitude up to the predetermined crack length at which the single high load was applied.

Many ,-' the specimens then had further high loads applied at larger crack lengths. Each high
load produced retardation and in some cases the retardations overlapped so that the unretarded
growth rate was never again established. In these cases the plastic zones of the high loads also

overlapped.
Early in the testing programme it was noticed that if the testing machine was stopped

during a period of retarded growth and the load reduced to zero, the delay was shortened. For
example, a 6.4 mm thick specimen, given a high load at a total crack length of 1 -65 cm, and

after a further 500 low-load cycles given a single excursion to zero load, the total delay was 5000
cycles compared with an average of 11,000 cycles for tests without the zero load excursion. This

effect was shown to be predominantly dependent on the load history. Because of the influence

of excursions to zero load, all r suits shown in Table 2 were obtained from uninterrupted tests.
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Sharpe ct ai. ' have reported recently on the effect of rest tine at zero load on the magnitude

of the delay. 2024-T581 aluminium alloy compact specimens, ranging in thickness from 6-4 mm
to 25-4 mm, were tested for this purpose, using rest times of three minutes, one hour, and one
day. There was virlually no change in Nd with rest time for a given thickness, and no effect of
thickness on "d under these test conditions. Unfortunately, no measurements of delay were
reported without reducing the load to zero and their general results are therefore not irrecon-
cilable with those given above.

Examination of replicas taken from the regions of high load failure of 6.4mm thick
specimens permits the sequence of failure to be described as follows (see Fig. 8). Briefly, upon
application of the high load there is enlargement or stretching of the crack tip radius before the
onet of tensile fracture as evidenced by the formation of dimples. In some replicas, though
not all, quasi-cleavage, due to the subsequent lower magnitude cycling, followed the tensile
fracture. Eventually fatvgue striations were again formed although initially they occurred along
a very irregular crack front and sometimes were much wider than normal. These features are
similar to those observed by others.' 3 ,"

Although it appears, from the present results and those of others, that the mechanism of
delay is gradually being understood (the present results are compatible with a number of
mechanisms outlined in Section 4), two warnings must be noted in view of the large thickness
effect. First, delay appears to he a three-dimensional problem, and the dependence of Nd on
the degree of through-thickness constraint must be accounted for in any model. Second, and
more practically, great caution should be exercised in extrapolating existing crack growth data
to various design situations.

3.2 Other Observations

The effects of a broad range of loading variables on retardation have been investigated by
other workers using a variety of materials and specimen configurations, 31.11 31 and those effects
which appear general are listed below. These effects are for the case of a single overload fo!lowed
by constant amplitude loading, except where noted.

(I) For a fixed value of ..AKK. Nd increases rapidly with .AK'. There appears to be a limiting
vaiue _K,.AK2 --- 1-7 below which no delay occurs.

(2) Delay is a function of R1, R 2 . Increasing R 2 decreases Na, but the effect of changes in
R, appears variable.

(3) Delay is decreased, and may be zero, when compression loading is applied immediately
after a high tensile load. (This finding is consistent with that given in the previous
section on thickness effects, namely, that crack growth occurred immediately after the
load was reduced to zero.)

(4) Delay inncrcase- with the number of consecutive high load excursions and is also
increased when a further high load is applied during the delay period.

(5) Hold time at the minimum load decreases Nd.
(6) Increased holding time at the high load increases Nd.
(7) The effect of negative peak loads depends upon the subsequent cycling. If the R-value

of the subsequent cycling is greater than zero, there is little effect on growth rate; but
if R -= - I, acceleration may occur.

(8) Low-high sequences have little effect on propagation rates at the higher load level;
crack growth may be initially accelerated at the higher load level, but if so, it rapidly
stabilizes.

The effects of environment, temperature, and frequency have received sparse attention.
Irving et al.0 attempted to measure crack tip closures in titanium alloys and suggested that
closure occurred in air but not in vacuum- Cyclic frequency had little effect on this result.
Chanani 3' found the amount of retardation to be similar, with respect to the appropriate base-
line daodN, for 7075-T6 aluminium alloy tested in air and salt water. However, for a given size
of overload plastic zone, fewer cycles were required to grow the crack through this distance in
salt water than in air. It was thus concluded that crack blunting did not govern the retardation.

Raju el al.4" have annealed cracked aluminium alloy specimens for various times at various
temperatures after the application of a high load. Progressive annealing continually reduced the
subsequent delay. Crack blunting as such cannot therefore be a major factor in causing delay.
Relief of residual stress is the most likely explanation of these results.
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4. RETARDATION

4.1 Mechanism%

A number of concepts, hsted below, hase been proposed 7
O

3 4.4
2 

44 as mechanisms control-

ling retardation:
(a) residual compressive stresses in the crack tip zone only:
(b) shape of crack tip-overloads enlarge the radius, requiring further cycles to sharpen

it for additional growth.
(c) crack closure--if the crack closes on unloading from a tensile stress, the stress excursion

felt at the crack tip is reduced:
(d) strain hardening in the plastic zone at the crack tip -making subsequent propagation

more difficult:
(e) incompatible crack front orientations--the fracture mode can vary with stress and the

overload may create a crack front orientation which is unfavourable for the lower
stress cycling, thus suppressing propagation.

Some experimenters have claimed to demonstrate crack closure either by consistency with
their experimental results, 3 4 by measurement of unloadingjCOD slop-s."' or by the potential
drop technique of measuring crack areas.4" H ,wever. Lindley and Richards" 6 demonstrated
that closure does not occur under plane strain conditions, although it may occur in regions
of plane stress in both thin and thick specimens. They suggest, furthermore, that closure cannot
explain the increase in crack growth rate with incrcise in mean stress observed at low alternating
stress intensities in steels.

Other experimenters have claimed to demonstrate the insignificant contribution of
blunting"-"i or of strain hardening. '

Some of the proposals are not mutually exclusive although they have often been treated as
such- For example, if the residual stress field prcduced by the overload is considered as a whole.
and attention is not simply focussed on the plastic zone, closure can be envisaged. Which, if
any, of the proposals has overriding importance is, at present, uncertain.

4.2 Models

It has been, amply deii strated that to achieve any degree of accuracy in predicting crack
growth rates under random loading by using known constant-amplitude growth rates, it is vital
to account for load interactions, and in particular for retardation. Three models have been pro-
posed to specifically account for load interactions and, not surprisingly, all are based on the
Paris law and all are empiricaily based. They commonly calculate crack growth increments
cycle-by-cycle, the increment in each cycle being related to that which would have been obtained
in a constant amplitude test at the same crack length.

The first retardation model was proposed by Wheeler'47 who multiplied the Paris constant
C by a term Cp which was chosen to represent the interactions between the plastic zone due to
the overload and that due to the lower stress level. Thus:

C, ( R_, (12)

where R, is the extent of the current yield zone at the lower stress level, (ap -a) is the current
distance from the crack tip to the elastic-plastic interface caused by the peak overload, and n is
a shaping exponent. The model therefore proposes the relation:

da/dN - R C(AK)" (13)\ap,-a/
The retardation is proportional to the distance the crack has progressed through the initial
plastic zone, the retardation parameter C, being bounded by zero and unity. The model requires
the shaping exponent, n, to be determined experimentally.

As an alternative, Willenborg er a.e have operated directly on the crack growth driving
function AK by computing A AKer from an assumed state of residual stress. Through the expres-
sion for the yield zone radius, R, = KA/2we,, 2 , a reduction in stress is calculated from the
distance between the extent of yield zones for the overload and subsequent cycles. The effIctivc
AK is then calculated for the subsequent cycles from

ff ---- Uppiled - aredurtion

If cod is less than zero it is set equal to zero. Along with AKX, an effective value of R is calcu-
lated and normal constant growth rate data are then applied.
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Luk; and Klesnil" have experimentally determined a variety of transient growth rate
effects and have satisfactorily correlated their test data by an alternative -Ktr approach. In
the essence, their method uses the notion:

da/dN -= (KTM - Kb) (4

where the threshold value. Kth, describes the condition of non-propagation and depends on a
number of material constants. This equation incorporates a driving term for crack propagation
(KA') and a resistance term (Kh) which quantitatively describes the residual stress field. The
crucial part of this formulation lies in the procedure for determining K, which is not a constant
but depends on the immediate value of K. Luka, and K!esnil suggest:

K,, = K '.s K (15)
where a is a material constant (as they show for carbon steels by test' 9 ), and Kib,r,, is a basic
threshold value, also a material constant, and equated to the fatigue limit of a cracked sample
which must be determined by test.

Suppose there is a sudden change in load level, from level (I) down to level (2). The driving
term will change from K,'•, to /,,, but the immediate resistance term will remain unchanged
at Kis,,,. The initial transient growth rate is then given by:

do;dN (transient) C(K,'•, - K,•,1 ,) (16)
The duration of this transient rate, in terms of the crack length, is calculated from the cyclic
plastic ,one size for the appropriate stress state and using the cyclic yield stress.

Lukai and Klesnil suggested the simple procedure of assuming that the transient rate
remains constant for the ca!culated crack increment, whereupon there is a sudden change in
rate to the steady state level. Figure 7 shows the relation between their calculated and experi-
mentally determined growth rates in a test which app!ied single overloads.

The three models should be recognised as first attempts to solve a practical problem. But
since crack tip plasticity as such is considered as the sole cause of retardation, serious limitations
arise. Briefly, these limitations are listed below.

(I) Most of the other possible mechanisms of retardation are not accounted for. yet there is
experimental evidence that some of them, at least in particular cases, 3 4 "' are
important.

(2) Consecutively-applied overloads increase N4 compared with that after the application
of a single overload: yet all the models would predict ro change in Ni. The experimental
result appears to confirm the effect of cyclic hardening.

(3) The models do not account for effects such as delayed retardation.
But perhaps the major criticism of these models is that they make no attempt to predict

the detailed course of crack propagation through the retardation period; they simply aim at
giving a reasonable value for Na. For example, within the detectability of measurement tech-
niques, sometimes a crack will be completely stopped after a high load, and if the constants in
the models are arranged to describe this behaviour, they cannot then predict any further crack
growth which, in practice. may still occur. This being the case, and considering the fact that not
all possible variables associated with retardation have been investigated let alone generalized,
it is extremely unlikely that any of these models will be found universally applicable.

The Willenborg et al. model requires no information beyond the stressing history, the yield
stress, and the steady-state crack propagation rates. The other two modeis require further
experimental information (the Wheeler shaping exponent n, and the Luki•/Klesnil threshold
values of K) which is obtained by test under one set of conditions and then applied to the stress
conditions at the crack tip. When the various mechanisms of retardation are considered it is
clear that some materials information, obtainable only by test, will be a required input.

A further, more practical, problem arises when applying any of these models to the prediction
of crack growth under random sequences. They all require cycle-by-cycle calculation of crack
growth increments and this procedure has been found to be both cumbersome and to require
the use of an extensive computer facility.$ 0 .

Based upon the concept of crack-closure, Elberso has recently attempted to overcome
this problem by modelling random load crack growth with an "equivalent constant-amplitude
concept". This concept replaces the random sequence with a number of much shorter constant-
amplitude sequences. each of which is selected to have the same total crack growth, crack-growth
mode, and critical crack length as the corresponding part of the random sequence. The procedure
hinges on choosing a crack-opening stress for the constant amplitude sequence which is the same
as that for the equivalent random sequence (Elber had previously demorstrated that the crack.
opening load remained essentially constant during crack growth under a random sequence
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containing several thousand peaks). At present, crack-opening loads must be determined by test.
The procedure is then to use constant-amplitude growth data with the modified Paris equation:

da'dN - Ct"Kcrr)" (17)
using data on the crack-opening loads to generate AKeuf. Elber claims reasonable prediction by
this method.

No doubt various perturbations of the fundamental approaches to retardation will be
tried. For example, Gallagher and Hughes" have generalized the Willenborg el al. AK~rr term
to cope with the total arrest in crack growth observed at large values of .K,,/..K 2. Such general-
izations ofcourse require further test data. Whether generalized information will ever be adequate
remains to be seen.

5. FUTURE PROGRESS

The basic description of crack geometry and mode of propagation appears clear from
experimental evidence and theoretical argument, namely, that application of a tensile load of
sufficient magnitude to a cracked sample induces preferential plastic flow at the tip of the crack,
and this flow can have three consequences. First, it enlarges the crack tip profile: second, it can
alter the properties of the material so affected (cyclic hardening.'softening): and third, it induces
a state of residual stress upon unloading. The magnitudes of some of these effects will obviously
depend upon the general stress state. The state of stress, in conjunction with the metallurgical
structure, will also be important in determining the macroscopic shape of the crack front.

From this description it is evident that parameters describing the cyclic behaviour of materials
are necessary inputs to formulations which aspire to describe fatigue crack growth urder non-
uniform load sequences. The Wheeler exponent n is an attempt in this direction although it is
not a material constant. The Lukai% and Klesnil K,5 and 2 are claimed to be material constants
'ut thev- ,,.ier,a!it) .:vz yet :o be demonstrated. Other investigators" arc attemrting to apply
the cyclic parameters obtained from tests on bulk uncracked specimens to crack propagation,
but with only partial success.

These are steps in the right direction, but they are first steps only. A missing component
is a realistic cycle-by-cycle description of the state of stress around the crack tip.
The effect of thickness on delay, as shown in Section 3.1, highlights the need for this information.
Although adequate descriptions should yield to both theoretical and experimental attack for
reasonably homogeneous solids, it is not at al! clear that this will be so for commercial alloys.
Crack growth planes and ,.rack front shapes in commercial alloys under fatigue loading are not
yet predictable. ' 3-.4

Under fatigue loading the localized nature of plastic strain within the crack tip region
presents a further problem. Since it is believed that fatigue cracks both initiate and propagate
as a result of irreversibilities in the plastic strains induced by cycling,.5 a description of the
localized degree of irreversibility would appear necessary. In addition, any crack growth model
which describes the delays in growth observed under test, must also describe, during the delay.
those micro-scale plastic movements which condition the crack for further propagation. A
description of this conditioning requires knowledge of the localized plastic strain irreversibilities
at the crack tip.

Future formulations of universal fatigue crack propagation laws will no doubt quantify
many of the effects which can only be qualitatively described at present. Since satisfactory solu-
tions using the approach will require many years -if investigation, what can be recommended
for the present and the immediate future? The recommendations depend upon the importance
attached to accuracy. Fatigue crack growth rates under multi-level loading can be predicted
currently within an order of magnitude using constant amplitude data and an interaction model.
Where more accurate knowledge is required, actual tests under the desired load sequence are
recommended. Such tests are now quite feasibilk on a routine basis with the advent of computer-
controlled electro-hydraulic fatigue machines.

.CONCLUSIONS

(i) The quantitative 4feet of load interactions in fatigue crack propagation depends on a
largle number of test parameters, including the relative magnitudes of loads, their precise
sequence, cycle hold times, environment, and material thickness.
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(2) For 2024-T3 aluminium alloy specimens the delay in crack growth caused by a single
overload was greater by a factor of about 8-5 for I -6 mm thick specimens than for
6-4 mm thick specimens.

(3) Delay is thus a three-dimensional problem and the through-thickness costraint must
be accounted for in any model. The large effect of thickness on delay also emphasises
the need for caution in extrapolating existing growth data to various design situations.

(4) A variety of mechanisms of load interaction have been proposed but, so far, the models
for quantitative prediction use the extent of crack tip plasticity only (as determined by
fracture mechanics) as a factor on the Paris equation. The models also make no attempt
to predict the detailed course of crack propagation through the interaction period.

(5) A satisfactory prediction of interaction effccts will require some materials information.
obtainable only by test- How close the generation of this information comes to replacing
prediction by test remains to be seen.

(6) To obha.r, an accurate assessment of fatigue crack propagation under multi-load
sequences, actual tests under such sequences are currently recommended.
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TABLE I

Cyclic Stressing Conditions

Strcss intcnsil.y* K (MPa% ti)

Crack length
2a Minimum of Maximum of

(cm) alternating alternating High load
load load

165 9-Q2 24-X2 42"68
2'41 12'20 30.53 52-50
3-18 14.36 35"94 61"80

* Correction factor for finite width is N!(Sec ,2 . 2a.'w). where
w is width of specimen.
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FIG. 3. LOADING PATTERN SHOWING A HIGH LOAD
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FIG. 4. DIMENSIONS OF 2024-T3 ALUMINIUM ALLOY SPECIMENS.
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FIG. 6. GROWTH RATE THROUGH DELAY REGION IN 2024-T3
ALUMINIUM ALLOY (AFTER VON EUW, HERTZBERG, AND ROBERTS (34))
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FIG. 7. EXPERIMENTAL AND THEORETICAL COURSE OF TRANSIENT CRACK

PROPAGATION FOLLOWING SINGLE PEAK OVERLOADS (AFTER LUKAS AND KLESNIL (4))
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FIG. 8. SEQUENCE OF FAILURE AROUND THE APPLICATION OF A HIGH LOAD
DURING CRACK PROPAGATION UNDER A LOWER LEVEL OF CYCLIC LOADS IN

2024-T3 ALUMINIUM ALLOY
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DISCUSSION

QUESTION-J. D. Newton
(SEC, Victoria)

The experiments conducted on the centre cracked specimen indicated that the application
of a highload delayed crack growth when the original load regime was resumed. It was further
shown that increasing the specimen thickness reduced the extent of the delay after the high
load application. I am not sure if the "high loads" applied were the same in proportion to gross
specimen dimensions. However. by increasing the specimen thickness the situation at the crack
tip is changed. by increasing the thickness the tendency is towards a plane strain condition.
Therefore it would appear that the experimental conditions for the two specimens were not
the same. rendering direct comparison of the results impossible.

Author's Reply

The high loads were applied at the same crack lengths arid they gave the same nominal
stress intensities in the two thicknesses. Even so. it is true that the !hrec-dirmensional stress
conditions locally at the crack tip are different in the two cases because of different through-
thickness constraint; but herein lies the explanation of the thickness effect on retardation. In
this sense it is agreed that the experimental conditions are not the same for the two thicknesses;
if they were, we are left with no variable at all to examine. It is legitimate to determine the effect
of thickness on retardation, as we have done, and it is also legitimate to interpret the results as
indicating the effec' of changing through-thickness constraint, but we contest the notion that
the results cannot be compared.

QUESTION--P. D. Stewart
(Swinburne College of Technology)

Could you comment on the effect of the hydrostatic comp, nent of the fatigue stress?

Author's Reply

Undoubtedly, as indicated in the reply to J. D. Newton, the effect of thickness on retardation
is determined by the different three-dimensional stress states in the local crack tip region. These
different stress states, upon application of an overload with attendant local yielding, will result
in diffe,-nt local residual stress systems upon unloading, and subsequent lower-load crack
growth rates will be affected accordingly. But at this stage even the initial stress states cannot be
quantified adequately-the concepts of plane stress and plane strain are limiting cases only, and
in addition there is the complexity of handling local yielding.

QUESTION--P- J. Howard

(A RL)

Do any of the models described include the effect of offset of mean stress caused by

local plastic yielding?

Author's Reply

No- The ihrcc models described all use the fracture mechansvs formula for calculating the
extent of the yield zones resulting from the overload and from the lower-load cycles, and
manipulate these values to alter either the constant C, the effective value of AK, or the exponent
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-i in the paris equation. The use of thi, formula is based on a particular stress distribution
around the crack tip which depends on applied stress amplitude but is taken to be independent
ofcyclic hisory. Thus, ffccts such as cycle-dependcent stress reilaxativn or cr-ep are unaccounted

for-

QUESTION Dr. AKith R. L_ 7horpipon
(L'nir''riii of New South Wal'es)

Regarding the mechanism involved in the observed delay in crack growth following the
imposition of single peak overload cycles, has the speaker observed any indication of a variation
in the magnitude of this delay across the specimen thickness of the aluminium alloys investigated?

Such indications have been observed by the ques'ioner whilst investigating the effects of
single peak load impositions on sheet specimens (2. i mm thick) of high strength AISI 4340
st-eels.* Iollowing the imposition of single peak load cycles, continued crack growth under
contant amplitude loading occurred initially at the crack front region adjacent to where Atrcss
relaxation during peak loading had occurred by through-thickness shear displacement. On the

contrary at the interior of the specimen, stress relaxation at the crack front during peak loading
had beei achieved by microvoid coalescence which necessitated a re-initiation of the crack prior
to its subsequent growth. On the basis of these fractographic observations it was concluded
that the magnitude of the delay effect was dependent upon the prevalent stress state (i.e. plane

stress or plane strain) across the crack front during peak load imposition. When the thickness
of the specimen and the loading conditions are such that both stress states arc opcrative acro,,

the crack front then the magnitude of residual crack tip opening displacement produced by the
peak load c%cle %aries across the specimen thickness and as a result the magnitude of the observed
delay effect.

Author's Reply

Our paper. Section 3.1.4. discusses the phenomenon of "'delayed retardation" obscrvcd
both by others and ourselves, and suggests that it may result from a dependence of the magnitude
of the parameter causing retardation on distance from the surface. Moreover. the -ery result of
our thickness experiments indicates a dependence of the degree of retardation on distancc from
the surface.

But these observations only indirectl,, bear upon your question of variation in the magni-
Tude of the dcla. across the specimen thickness. We suggest also that the evidcnce given in %our

desLription, and in your references, is likewise insufficient to answer the question. The obsera-
tion of different modes of plastic strain accommodation through the thickness, of itself, is not

hard evidence of different degrees of delay.

QL ESTION.- H- A. WTill.,

(Retired)

It seems to me that there might be some advantage gained in "conditioning" all new
structures by appliing a high load of say MO",, design ultimate (perhapN several times). This
would ensure that most of the Iocails high elastic stress concentrations are reduced by local

plastic deformation with a consequential improvement of endurance.
Even if it is established that large negative loads might have a detrimental effect on life,

the "pretoaded" structure would be commencing service with residual stresses such as to minimise
to adverse effect of the negative load.

QUFSTION-Dr. N. Riran
(A RI.)

Dr. Fnney, your paper on load interacticn effects and resultant retardation in fatieue-
crack growth again highlights the advantages that might be obtained from periodic 'roof
loading of large scale structures. Dr. Hooke indirectly alluded to such improvements in his
inroductory paper and Mr. Pdtching further ampif"ied the potential benefits Chat could be
obtained, for increasing fatigue life, in his account of fatigue testing of aircraft wing structures.

K. R. L. Thompson. Ph.D. Thesis, University of New South Wales, 1972 (also Proceedings

of International Institute of Welding and Metals Technology, Sydney. 1976).

371



Ihe one factor w hich seems likely to negate the potential benefit% to fatiL ie life from periodic
high load levels are the compressive c)clcs introduced during air to ground (landing) or ground
to air tiake-of I prrce'dure'. Notwithstanding. should we not be giving greater consideration to

appl.ing the potential benefits from periodic high loads for the obvious practical advantage of

increasing the fatigue life of aircraft structures?

QUIESTION-(. L. V. Younfi
(.Anwit Airlines oif Austraut)

I presume the discussion is based on tets on individual specimens. Could you please com-
ment on additional effects when testing full-size structures?

Author's Reply

Two questions should be considered:
(i) What effect does an overload have on the rate of crack propagation in a full-scale

structure')
(ii) Why are oerloads not applied to aircraft structures to improve their fatigue life?

The firmt question is not easily answered because there appears to be a lack of data. but t:iere
are indication-, of a substantial decrease in growth rate. These indications come from the following:

(a) The marked increase in total life achieved in structures, as well as in joints and simple

specimens, by applying an overload prior to testing.
Examples The Mustang wings referred to in the paper by R. A. Bruton and C. A.

Patching.
A varietv of specimen,;, joints and structures detalicd by Heywood-*
The inflated test fatigue life obtained fer the Comet aircraft by using the

static test article for fatigue substantiation.
(h) The decrease in creck growth rate observed in structural assemblies as well as in speci-

mens %hen a orogrammed load sequerce is applied. For example, it has been found
in these Laboratories that the crack growth rate in a large D6AC steel structural

assembly wa, st-bstantially slower in the descending phase of a programmed load
,.quence than in the symmetrical ascending phase.

, Follossine on the Comet experience, the fail-safe character of the Concorde structure.

when cracks, develop during the fatigue test, is being demonstrated by a static tcst on a
separate article as mentioned by Mr. C. A. Patching in his talk.

Sfie question of why overloads are not deliberately applied to aiicraft structures is. also,
somewhat dit.icult to answer from a research worker's point of view, bu, three reasons can be
advanced.

(a) The maenitudc of the benefit may be smaller in full-scale structures and in random load
tests compared with simple specimens tested under constant load amplitude.

(b) The cost of applying periodic overloads to all aircraft in a fleet may outweigh the

benefit margin.
(c) Operators apparently cope by using a patch and replacement scheme.

the-se answers are not entirely convincing. For example, overloads applied to Mustang wings

gave a three fold increase in fatigue life --a substantial benefit. Moreover, the periodic cold-proof
test for flaws in F- I I I aircraft is obviously a cost-effective measure. The whole question ofimprov-
ing service fatigue life by deliberate overloads merits further investigation by operators, and

perhaps further research.

R. B. Heywood. D.signing Against Fatigue. Chapman and Hall Ltd., London, 1962.
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A MODEL OF CRACK-TIP BEHAVIOUR FOR

FATIGUE LIFE DETERMINATION

by

F. P. SULLEN, J. A. RETCHFORD, C. B. ROGERS and 8. J. WICKS

SUMMAR Y
Aircraft fatigue life estimation usually involves large-scale tests of compie.,

.tructures, combined 1it/h fatigue data derived from standard tests on small specimern.s
Since the number of large-scale tests wihich can be performed is limited and the re•ult1

from .small specimen.% o' r not be director applicable to ihe fatigue be/k.viour of structures,

these estimates are necessarily subject to considerable unrertainns. The approach

dtscribed here is directed at providing data which 'would improre the eraLiation of faligue
life by simulating the performance of critically stre ssed areas of a structure using indiviual

tests on small specimens.
The experinsents %*ich are presented in saiort of this approach have been carried out

on polycrystalline copper, since the physical basis of crat A-tip behaviour in this simple
metal is also applicable to conventional aircraft materials. It is shown rhat, in these
materials, cracks propagate under cyclic loading as a result of irrerersib!c plastic strain,

and a parameter describing the plastic strain at the crack tip is defined which is shown
to be directly related to the rate of crack propagation.

A simple model of crack-tip behaviour is proposed using this concept, in which the

e-lastic and pkastic contribution v from material around the crack tip can be isolated and

recombined in wirying proportions. This could allow the behariour of a cracked com-

powent in a strwtare to be replicated on small ci -ked specimens, by superimposing on
the specimen load spectrum a stress variation r,-presenting the effect at the crack rip.
of the elastical.v deforming structure.

The model is validated under a wide range of load histories and the implications for
practical aircraft materials are discussed.
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1. INTRODUCTION

Fracture mechanic% has provided a useful relationship' betwecn the rate of crack
propagation and the range of Iwal ,tress intcnsitý at the crack-tip during fatigue at constant
amplitude Ilhwescr. no satisfactor) treatment of fatigue at variable amplitude% of loading has
\et been developed. Much equipment is subject to repeated stresses of varying amplitude and
assessment of its consequent rate of deterioration is required for estimation of economic li1'e and
to ensure reliability in service. Earlier papers in this Symposium dealt with the sophisticated
anal\.ses developed to predict deterioration in aircraft structures, %here failure in service
could be catastrophic. Such analIses are necessarily based on large-scale structural fatiguc tests
under selec.ted load spectra However. few such tests can he conducted, lecause of their cost
and complesit\. and hence the resulting predictions are subject to considerable uncertaints.
(.onsequentll. increased faIL.ors of safety are used in the design, maintenance and life-estimation
procedures. wAith a rcultin'i economic penalty The penalty can be particularls severe in the
cas, of aircraft.

If the scatter in fatigue characteristics typical of "he airframe material and the conersion
of characteristics fr,,m one load spectrum to another could be assessed with increased certailtl
from supplementars laboratory tests on small specimens. then much of the uncertainty in lilf

prediction could be reduced However. for recsons not yet established, the fatigue characteristics
ofssmall specimens under variable-amplitude loading cannot at present he directly related to those
of structural component, fabricated from similar material and subjected to the same stressing.

This paper describe, materials research directed towards establishing a method for relating
the rate., of propagation of fatigue cracks in small specimns and in structural components
Modern reliability analses recognize that even the best NDI methods have tinite limits (if
resolution and. hence, that the schedule of inspection intersals should be based on the time taken
for a crack of near-critical dimensions to develop from a microscopic defect. Accurate prediction
of the time required for such crack growth can minimize the number of costly inlsp•ctions which
have to be undertaken. These considerations were the basis for choosing cra,.k propagation in
the present study.

2. MITHOD OF APPROACH

At constant amplitude, the rate of propagation of fatigue cracks correlates well with the
cyclic range of stress intensity.' However, there is strong esidence 2 that crack growth during
fatigue results dircctly from the reversal of plastic flow near the crack tip. Thit apparent anomaly
may not be significant in fatigue at constant amplitude, where the relationship between local
stress and local strain is probably fixed. However, at variable amplitudes, the local stress strain
relationship ,aries with load history. ý' The first stage of the present stud) was, therefore, to deter-
mine whether local stress or local strain controlled the propagation of fatigue cracks.

The next stage of the study was to develop increased understanding of the relationship
(hysteresis loop) between crack-opening displacement (COD) and applied load during fatigue.
It is apparent that, as load is first applied to a cracked specimen, the crack begins to open by
elastic distortion of the surrounding material. In deformable materials, yielding then begins
near the crack tip. On further increases in load, the crack opens further b) increasing plastic
flow in the growing plastic zone near the crack-tip and further elastic distortion of the sur-
rounding unyielding material As the load decreases. (beyond peak load in the fatigue cycle).
relaxation of the elastic distortion is resisted by the stretched material in the plastic zone (Fig I)
and, when unloading is complete, the crack-tip region remains under compressive residual stress.

The role of the residual stress in opposing crack-opening on subsequent load applications
warrants consideration, since it provides a means by which the crack can 'remember' its
previous load history during variable-amplitude fatigue. The degree to which the residual stress
is relaxed during unloading depends upon a balance between the elastic constraint and the stress
requircd for reverse plastic flow of the stretched material. In particular, the degree of relaxation
depends on:
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(i) the relative proportions of elastic and plastic material in the specimen;
(ii) the geometrical configurations of the elastic and plastic material; and
(iii) the resistance of the deformed material to reverse plastic flow.
It follows from the above that a physical model of the load/COD relationship could bc

based on a summation of Iwo component relationships, viz.
(i) an elastic component, dependent on the stiffness of the unyielded material, and

(it) a plastic component, based on the stress/strain characteristics of the (uncracked)
material.

The proposed model is illustrated schematically in Figure 2. Here, it is assumed that the elastic
load/deflection relationship is linear and that the yielded zone does not increase significantly
in size with increasing load. Both assumptions are only likely to be reasonable at small crack-
,,penings. Experimental study of how well this model is followed in practice forms the second
stage of the present investigation.

3. EXPERIMENTAL DETAILS

3.1 Specimens

Centre-notched fatigue specimens (Fig. 3) were machined from extruded bars of electrolytic
tough-pitch copper. The short gauge length was of double concave section, in order to keep the
plane of fracture normal to the load axis and to minimise crack-opening by hinging at the
crack-tip. Thus, crack-openings measured in the central hole were reasonably representative of
values near the crack-tip. Uncracked specimens of the same geometry, but without the crack-
starting notches (Fig. 3) were used to determine the cyclic load/elongation characteristics of
the copper. Identical central holes were used in both types of specimen to mount a clip-on
strain-gauge extensometer.

After machining, the gauge lengths were ele...ropolished with 'Opalu B' using the 'Ellopol
System'. The specimens were then annealed in vacuo for three hours at 500'C and slowly cooled.

3.2 Test Procedures

Most tests were conducted in a servo-hydraulic machine at constant frequencies between
0.1 and I Hz using a sinusoidal waveform. Comparable results were obtained in some tests
using an Instron screw-driven machine. Rates of crack propagation were determined from fatigue
tests conducted by cycling between zero and given values of either COD or tensile load. In the
former case, compressive loads closed the crack completely at the end of each cycle; due to
"stretching' of the material ahead of the crack-tip before fracture, occasional small adjust-
ments of the COD zero were necessary to prevent excessive compressive loads being applied
after meeting of the crack faces.

Tests at 'constant COD' showed fairly constant rates of crack growth throughout, apart
from the very early and the late stages of propagation; this behaviour indicates a fairly constant
amplitude of stress intensity. Tests at 'constant load' showed progressively increasing rates of
crack growth corresponding to an increasing amplitude of stress intensity as the crack length
increased and the area of uncracked section decreased. Rates of crack propagation were deter-
mined from measurements of crack length, made on the side surfaces of the specimens using a
travelling microscope. Load/COD relationships were plotted autographically on an X-Y recorder.
All tests were conducted in an air-conditioned laboratory. Specimens for tests at constant load
amplitude were pre-cracked at constant strain amplitude.

4. EXPERIMENTAL OBSERVATIONS

4.1 Determination of the Parameter Controlling Crack Growth

Tests were conducted to determine whether local stress or local strain near the crack tip
controls the growth of fatigue cracks. The effects of simple variations in amplitude were obtained
by contrasting the rates of crack growth, under various test conditions, in cyclic tests at constant
load amplitude and constant COD amplitude (Section 3.2). The effect of stress intensity on crack
growth was assessed from the relationships between applied load and rate of crack growth at a
given crack lengfh; stress intensity is directly proportional to applied load at constant crack
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length. The 'local cyclic strain' was taken as the plastic contribution to crack-opening and was
given by the width (Aep, Fig. 2) of the load/COD hysteresis loop.

Plots of the rate of crack growth against
(a) the peak applied stress, and

(b) the plastic contribution to crack-opening
are given in Figure 4 and Figure 5. Figure 4 shows separate relationships between rate of crack
growth and stress amplitude for each of the conditions used: each relationship is reasonably
linear. Figure 5 shows a singular relationship between rate of crack growth and plastic contribu-
tion to crack-opening over the entire range of test conditions, which include variations of the
following:

(i) Load history; by contrasting fatigue tests at 'constant load' and at 'constant COD'
(Section 3.2).

(ii) Plastic constraint at the crack-tip; by varying the radius of curvature of the double
concave profile of the gauge length from the usual 6 mm radius to 4"75 mm radius
and 3.2 mm radius. This 'shortening' of the gauge length reduced the amount, of
plastic strain at the crack tip for a given load.

(iii) Metallurgical condition; by contrasting the behaviour of annealed and extruded copper.

On the basis of the above observations, it is concluded that the local plastic strain amplitude at

the crack tip, the plastic contribution to crack-opening, determines the rate of growth of fatigue
cracks in copper.

4.2 Analysis of Load/COD Hysteresis Loops

These tests were undertaken to develop a basis for predicting the plastic contribution to
crack-opening during fatigue at variable load amplitude. The observations above suggest that
this plastic contribution could be used to predict raths of crack growth, if" its own behaviour

could be predicted: ;t is not itself suitable as an engineering parameter. The present tests were
based on the simple model described in Section 2 (Figure 2), relating the load/COD and load/
elongation characteristics of cracked and uncracked specimens respectively. It is implicit in the
model that the patterns and distributions of flow should be similar in the two cases. In the present
work this objective was facilitated by

(i) using short gauge lengths of the same double-concave profile in both cases, and
(ii) by choosing this profile such that hinging at the crack tip during crack-opening was

severely curtailed (Section 3.1).
However, the different amounts of material deforming still require consideration; in the cracked
specimens, deformation is confined to small zones near the crack tips, while uncracked specimens
deform over their whole cross-sections. Allowance was made for the different amounts of plastic
material by load/scaling the load/elongation hysteresis loop for uncracked specimens, such that
it intersected the load/COD loop for cracked specimens at the half-amplitude (of displacement)

positions; in these tests, specimens were cycled between the same constant displacement limits.
The above procedure of load-scaling was based on the observation that, during tests at

constant ranges of COD or elongation, the peak tensile and compressive loads usually became
approximately equal after the initial cycles. This symmetry probably resulted because the
initially soft annealed copper hardened during the initial cyclic deformation, such that its
'equilibrium' position was at the mean displacement. Accordingly, the elastic constraint
opposing crack-opening would be relatively low at the half-amplitude position. The disparity
of load-widths of the hysteresis loop at this position would then reflect the difference in the
amounts of material deforming.

The results of tests using the above procedures were most encouraging and are detailed
below.

4.2.1 Tests at Constant Amplitudes of Displacement

Comparison of the load/displacement hysteresis loops for cracked and uncracked specimens,
using the procedures described above, shows that the 'difference' between loops obtained at
low amplitude corresponds to a linear load/displacement relationship (Figure 6). Such linear
relationships are consistent with an elastic, component in the hysteresis loop relationship for
cracked specimens, as proposed in our simple model (Figure 2). However, the difficulty of
measuring plastic zone sizes precluded quantitative comparison of the slopes of these 'elastic'
relationships with calculated stiffnesses of the unyielded portions of the specimens.

The rapid decrease in slope of the 'difference' relationship with increasing amplitude of
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displacement and its departures from linearity and singularity at high amplitudes (Figure 6) are
also qualitatively in accordance with the model. Here, the larger plastic zones produced at
higher amplitudes considerably reduce the amount, and hence the stiffness, of !he unyielded
material in the cross-section. Thus, the elastic constraint opposing crack-opening reduces in
stiffness with increasing COD in small specimens; this effect should not be as marked in larger
specimens at these CODs. At high amplitudes, the progressive increase in size of the plastic
zone, with increasing COD, during each load cycle should give a progressive decrease in the
stiffness of the elastic constraint in small specimens. This progressive decrease in stiffness is
consistent with the observed non-linearity of the difference relationship at hign amplitudes.
The loss of singularity at high amplitudes is attributed to differences in the COD/plastic-zone-
size relationships during opening and closing of the crack.

4.2.2 Tests Involving Step-Changes in Displacement Amplitude

These tests were undertaken to determine whether or not the model could be used to
interpret changes in the load/COD hysteresis loop after step-changes between two levels of
(otherwise) constant COD. The same procedure, comparing the load/displacement relationships
of cracked and uncracked specimens subjected to the same sequence of displacement amplitudes,
was used.

Following downward step-changes in COD, the plastic contribution to crack-opening was
less than the 'stable' value characteristic of a constant-amplitude test at the lower COD (Fig. 7).
However, the plastic contribution increased rapidly to the stable value over a few cycles at the
new amplitude. Measurements of cr,.ik growth, on the side surfaces of the specimens, were not
sensitive enough to detect any transient changes in rate of crack growth during these few cycles.
However, the excellent correlation between the plastic contribution and rate of crack growth
(Figure 5) suggests that a transient retardation of crack growth probably does follow downward
step-changes in amplitude. Such retardation is commonly observed in most materials.4

Following upward step-changes in COD, a transient increase in the plastic contribution to

crack-opening is observed (Fig. 7); after a few cycles, the plastic contribution decreases to the
stable value. The transient increase in the plastic contribution suggests that a transient accelera-
tion of crack growth follows upward changes in amplitude.

Transient changes in the plastic contribution to crack growth (indicative of transient retar-
dation and acceleration of crack growth), following step-changes in amplitude are of fundamental
significance to the present study and the hysteresis loops for cracked and uncracked specimens
were compared after step-changes in amplitude. After downward step-changes, the difference
relationships were again approximately linear; the 'stiffness' decreased rapidly over the first
few cycles after the step-change and then more slowly over about the next 100 cycles (Table I).
The significance of this behaviour is that the plastic contribution to crack-opening after the step-
change is reduced, below that typical of continuous cycling at the new COD, because the material
at the crack-tip has been fatigue-hardened to a greater extent by cycling at a higher amplitude
(before the step-change). Hence, a small plastic zone, highly constrained by the surrounding
hardened material, results during the first cycles after the step-change. However, with continued
cycling, the small plastic strain produces cyclic-softening-, 6 of the hardened material so that the
constraint decreases, the plastic zone increases in size and the 'memory' of cycling at the higher
amplitude is lost.

The behaviour after an upward step-change is more difficult to follow than that described
above because the modelling procedure is inadequate at high amplitudes, as explained earlier.
Despite the non-linearity of the difference relationship, however, an obvious trend for its
'stiffness' to increase rapidly during the first few cycles can be discerned (Figure 8). Here, a speci-
men cycled at a low amplitude has a low level of hardening near the crack-tip, relative to one
cycled continuously at a higher amplitude. Thus, after an upward step-change, an anomalously
high plaslic contribution to the COD will result until fatiguc-hardening has reached it- stable
state ahead of the crack tip.

4.2.3 Tests at Variable Amplitudes of Displacement

In these tests, the amplitude of displacement varied from cycle to cycle and the hystreesis
loops of cracked and uncracked specimens were again compared. The difference relationships
were reasonably linear for each cycle at low amplitude but the model was again inapplicable
for cycles of high amplitude (Figure 9).
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Large amplitude changes commonly produced hysteresis loops which were not completely
closed. The reason appears to be that the microstructural changes during each cycle are suf-
ficient to ensure detectable changes in the pattern of residual stress around the crack tip.

5. DISCUSSION

The observations described here show that the plastic contribution to crack-opening
controls the incremental growth of fatigue cracks. Evidence presented here also suggests that the
model proposed for the load/COD relationships of cracked specimens could provide a basis
for predicting the plastic contribution to the COD fo•r arious load histories. A most significant
aspect of the model is that the plastic characteristics of the material in the plastic zone near the
crack-tip can be evaluated independently of the degree of elastic constraint (subject to certain
experimental rcquirements being met). This aspect appears particularly relevant to the important
practical requirement (Section I) of using the fatigue characteristics of small laboratory specimens
to predict those of structural components.

Consideration of the problem above (in terms of the present model) indicates that, provided
the crack-front and its plastic zone are entirely reproduced within the small specimen, the 'extra'
material in the component will all be elastic and, thus, can only increase the elastic constraint
on the plastic zone. Thus, it would seem to be feasible to predict the load/COD relationship of
the component by summation of that determined for the small specimen and the stiffness relation-
ship for the 'extra' material in the component. The plastic contributions to crack-opening,
and hence the incremental growth of the crack, could then be determined for the component.
An alternative means of accomplishing this end could be to use the capabilities of modern servo-
hydraulic machines to add the elastic constraint of the 'extra' material to the load spectrum
being used to test the small specimen.

The model also appears to provide the means to predict rates of crack-growth in different
materials from a knowledge of their characteristics for reversed plastic flow. However, present
studies have not progressed sufficiently to indicate how widely the model is applicable. The major
limitation encountered in the present work was the failure of the model at large amplitudes.
However, the limiting amplitude was relatively large, from the viewpoint of structural materials;
the limited toughness of such materials usually results in unstable crack propagation at suich
CODs. Presently, the experimental difficulties of determining load/COD relationships accurately
at very low amplitudes of COD have prevented direct assessment of the model on real materials
ait amplitudes typical of service conditions.

6. CONCLUSIONS

Tests on copper have shown that the plastic contribution to crack-opening controls the
incremental growth of fatigue cracks. The behaviour of this plastic contribution during tests at
variable amplitude cannot readily be predicted and would be difficult to monitor in service. A
series of tests, under a variety of amplitudc-sequenccs, has shown that the load/COD relation-
ship for cycles of low amplitudes can be modelled from the characteristics of the material under
reversed plastic flow and the stiffness of the unyielded material surrounding the crack. The
additive nature of the model opens up the possibility of

(i) relating the fatigue characteristics of small laboratory spec imens and structural com-
ponents, and

(ii) relating the growth of fatigue cracks in different materials.
The approach proposed herein contrasts with the traditional mathematical approach to

crack propagation. Traditionally, the plastic characteristics of the material arc idealized to
facilitate elastic/plastic analyses of the stress distribution, etc., around crack tips. However, the
present study indicates that the 'width' of the load/COD hysteresis loop determines the incre-
ment of crack growth, at least in copper. This width depends primarily on the reversed plasticity
characteristics of the material and, to a much lesser extent, on the elastic constraint from the
unyielded material. Thus, it can be claimed that, when considering fatigue at variable amplitude,
the reversed plastic characteristics should be incorporated precisely in any treatment, even if
the elastic constraint then has to be idealized. Presently, the reversed p!asticity characteristics
under complex loading sequences can only be obtained empirically. Hence, experimental model-
ling of crack propagation (as proposed herein) may be preferable to the traditional elastic/plastic
analyses when considering crack growth during fatigue at variable amplitude.
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DISCUSSION

QUFS1 ION -P. .. Howard
(ARL)

Has any consideration been given to simplifying the experimeptal model, e.g. by observing
the %ariation %,ith number of cycles of plastic strain range in a plain test piece cycled between
fixed length limits?

AUrHORS' REPLY

Tet' ,-f this type, but using the specimen described in the paper, were performed to estab-
lish the relationship between crack growth rate and the plastic component of strain. The reasons
for adopting the double concave specimen are given in Section 3.1.

Validation of the elastic-plastic model requires the comparison oi data from cracked and
uncracked specimens. The data from uncracked specimens provides the plasticity characteristics
of the material undergoing reversed plastic deformation.

QUESTION- J. C. Ritter
(MRL)

It is reported in Section 4.1 that the rodius of curvature of the double concave profile
specimen gave a variation of plastic constraint at the crick tip. An increase in constraint means

that the central region, i.e. interior of the specimen, will experience conditions closer to plane
strain while the surface regions remain in plane stress. Besides reducing the amount of plastic
strain at the crack tip. this shift toward plane strain might be expected to affect the processes of
fatigue crack growth, leading to a deviation from the iogtdl'dN) versus log(ep) shown in Figure 5.

Have the authors found any evidence for such an effect?

AUTHORS' REPLY

Data from specimens with both the profiles seem to fit the same log(di/dN) versus log(€)
relationship. Thus, any effect could only be slight.

There is evidence, however, that the crack front is not straight (being more advanced at the
centre). probably as a result of the variation from plane stress towards plane strain mentioned
bs Dr Ritter. We do not have any detailed comparison between the shapes of crack fronts in

the two types of specimen. However, there appears to be no discontinuity in behaviour with
increasing amplitude of plastic strain. Thus, to a first order, the predominance of plane stress or
plane strain does not apoear particularly significant in the types of test undertaken.
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FATIGUE-CRACK GROWTH AND FRACTURE

IN D6AC STEEL

by

N. E. RYAN

SUMMARY
Work at A R1, on fatigue-crack growth and fracture in D6AC steel having differing

tensile properties and fracture toughness values is reviewed. No simple correlation exists
between tensile strength and toughness and, basically, fatigue crack-growth rates were

independent of both these properties. The observations are interpreted in terms of the
effects of variations of microstructure on deformation and fracture mechanisms. Some
work using variable-amplitude loading showed transient effects afte- load changes.

Environmental factors were alvo studied and it was concluded that simple additiviry
of fatigue and stres..corrosion could not be used to account for crack-growth rates under

corrosive environments. Various laws, developed frtua: fracture mechanics concepts to
express crack-growth rates on a function of stress-intensity amplitudes, are discussed.
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I. INTRODUCTION

The design of high performance aircraft has led to an increasing need for materials with
high specific strength, to minimize weight, and high elastic modulus, to provide the structural
stiffness set by aeroelastic considerations. These requirements have led to an increased use of
high strength steel in aircraft construction. With the development of high strength steels, the
problem of their limited tolerance *o cracks, i.e. their toughness, has arisen.

Fracture mechanics, based on linear elastic theory, has provided a quantitat've measure of
the toughness of materials through the concept of the stress intensity factor. K, which d.fine:,
the state of stiess at the tip of a crack in terms of the applied stress, o, the crack length or depth,
a, and the geometry of the structure: thus

K1 -- Mlaa (a)
where Ml is a stress-distribution function involving the geomety of the structure and crack
shape. The critical stress intensity (denoted by K1 c for tensile loading) at which unstable crack
extension or fracture occurs under plane strain conditions is defined as tlhe fracture toughness
of a material.

The fracture toughness. K,, :s a basic material property, substitution in Equation (I). the
relation

r -M(K o) 2  (2)
is obtained, which gives the critical crack sizc, aer, at which unstable crack extension will occur
at a given load.

Crack extension can occur at stress intensities below KI, (sub-critical crack growth) particu-
larly under the cyclic loading experien.cd by aircraft, i.e. the p-rocess of fatigue. The stress inter,-
sity has been identified as the driving force for crack extension and the problem has been to
define the rate of faiigue-crack growth as a function of the alternating ýrics intensit%.
AK .- (Kmax Kmin) and to determine how the rate is influenced by materi'M properties.

Fracture mechanics considers the crack tip as a singularity in an otherwise homogeneous
continuum: however, in metals there is a zone of plasticit, ahead of a loaded crack, illustrated
in Figure I. Provided that a condition of plane strain exists at the crack tip, the parameter A
still adequately defines the state of stress. However, the nature and behaviour of this plastic zone
determines the cracking behaviour and these characteristics ;-e strongly influenced by micro-
structure.

D6AC steel can be heat-treated to give different microstructures with differir,g yield
strengths and levels of fracture toughness. This paper presents ARL work on D6AC steel with
particular consideration of:

(i) the relationship between micro~tructurm, fracturs mechanisms and fracture toughness;
(ii) the rate of fatigue-crack growth and various growth laws developed;

(iii) the influence of variable amplitude loading in fatigue-crack growth; and
(iv) the influence of environmental factors on fatigue-crack growth-
The composition of the D6AC, the heat-treatment schedules and the corresponding mech-

anical properties, are shown in Tables 1, 2 and 3, respectively.

2. MICROSTRUCTURE, TENSILE PROPERTIES AND FRACTURE TOUGHNESS
RELATIONSHIPS IN D6AC STEEL

As the determination of fracture toughaess, K1 ,, requires a far more crmp'zx procedure
than methods used for obtaining tensite properties, various attempts have been made'-.'- to
relate fracture toughness with other, more easily determined, mechanical properties. These
efforts have met with little success. The difficulties involved in such attempts have been demon-
strated for D6AC steel, where different heat treatment procedures can lead to wide changes in
fracture toughness without iubstantially changing the tensile properties.".-" In investigations
at ARL, heat treatments A to D of Table 2 produce almost identical tensile properties but
wide variations in fracture toughness (Table 3). Feddersson ef al.) reported similar results;
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their fracture t ýuehneh. %aluc.- :,-)16AC steel varied by a factor of 3 mithout anl corresponding
change in tcrisilc Aireneth nroperties.

Fraciographic examination4 shc-.L, that Jccrea:.ing fracture t u hnes isascitdwii

a progressive change in fracture mno~le, frmt- micmo-void co;ýescence at high. toughness to pre-
dominantly quasi-cleasage with negligible %hear !.;s, a( Iný. toughne-s values (Figý. 2 and 3)
Fhese decreasing values of fracture toughness. for the samne temipering temcrrfcaturcs. correlate
with decreasing quenching rates. high values of K1, are obtained %%ith oii-cfuenching and lo-A
values with air-cooling.

Microstructural chantjxs. associated with difference% in fracture toughness and in quenchinLe
rates. hase been traced to the nature of the martensite formed during queniching. In - -cqcnv.
material (hezt treatment A. Table 2). which ha;i the highest fracture toughness, a inicro-twinned
martensite is formed dluring the initial quenching. Subsequent tempering of this structure at 550 C
introduces a line, homogeneous distribution of carbide precipitate (F-ig. 4).

Air-cooling from the intermediate quench. **AushbaN at 520 C9 (heat treatment D. 'Iable 2),
produce,; a lath-tNp marterisie Aith some evidence ol bainitic carhicle separation. Subsequent
temypet~ne of this sIructure at 550 C results in a hcteroveneous distribution of carbide precipitate
(F-ig~ 5) with an almost continuous distribution oif carbide along the interfaces between the
former martensite laths..

Quenching rates intermediate between air-cooling ard oil-quenching (heat treatments B
and C, Table 2), result in transitional microstructures. in which no large inter-lath carbide precipi-
tates are present after tempering.

fhe wide %ariation in fracture toughness. independent of the tensile properties; of the D&AC
steel, has been attributed to the different responses of ihe~e microstructures to ,tress in the diF-
Ferent testing prccedurcS.~

In a tensile test, the tensile properties reflect the aserage response of the microstructure to
increasing stress in a large volume of material. H-o%4eser. fracture touuhrnes, is determined b%
the response of the local microstructure in a minute volume of material -the plastic zone, to
the complex stresses ahead of a loaded crack. Ans difference in this response 'Ahich lead, to a
change in the prevailing mechanismn of fracture. eg- from sold formation and coalescence ito
particle-initiated cleavage, has a parlicularl% significant cfTec, on the fracture characteristics

Thus. highly' localized strain in a vecr\ small volume of material containing a heterogeneous
distribution of particles favours Io%&-energs clcz\ age fracture, and hence low K, while uniform
strain around a homogeneous distribution of fine carbide particles leads to high-energy ductile
tearing b\ void-coales.cence and. thus. to high K,- %alues.

In IJ6AC steel. slow rates oflquenching (e.g. air-cooling) prom~ote a non-uniform distribution
of carbide precipitates (Fig. 5) %&hich fasours cleavage fracture fFig. 3.) and leads to low X,~

values. Fast quenching rates (e.g. oil-quenching) promote a fine. homogeneous distribution of
carbide precipitates (F-ie. 4) leading to fracture b% void formation and coalescence (Fig. 2) and
high K,, values.

3. FATIGUE-CRACK GROWiTH AT CONSTANT AMPLITUDE LOADING

Early attempts to relate fatigue-crack growth to stress-intensity factors were made by
Paris and co-workers, who developed the relation

da~idA' C A1K' 13)
where do dN is crack growth per cycle. C, a materials constant, AAK the range or stress intensitN
and m an exponent generally found to he about 4. However, it is now recognized that the relation
between da/diV and A1K is more complex. taking the sigmoidal form illustrated in Figure 6. In
the centre, region 11, log da/dN is proportional to log AK. In region 1, as AK decreases. a thresh-
old ,alue (AKh) is approached below which the rate of crack growth is negligible. In region 1ll.
at high values of AK. the growth rate accelerates at an increasing rate a5 K.ý approaches K,,.

rigure 7 shows the da/dN - AK data for D6AC steel with heat-treatments A. C. D and E
(Table 2). The first three treatments produced similar yield stresses but different fracture tough-
nesses; the fourth gave a higher yield stress wvith an intermediate fracture toughness. The rates
of cracking in the central linear sectiivn (region 11) were the same for the four treatments. Below
AK -~ 18 MPa nil (region 1), different values of AKet were approached for the different heat-
treatments. Positive deviations from the linear relation (region Ill) occurred at values of
Kinal > 0 O7 Xe
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Fractoi.,.'phic examination ,howed that the three regions of the da.dN -.AK relationship
could be identified with different fracture modes. In region I, 1 "specular or faceted" fracture
surface pred6ominated JF17. g). ;t has been suggested that the rate of crack-growth in this region
is sensitive to microstructure. 8" In region II. between 18 MPa m and Kra.<.07 K,,. crack
growth occurred by the mechanism which gives rise to the familiar "striation- markings on thý
fracture surface (Fig. 9). In region Ill. the mode of cracking changed to either void coalescence
or micro-cleavage ,Figs. 10 and II). depending on whether the fracture toughness was high or
lo4,, respectively. Similar fractographic observations have been made by Richards and Lindley. v0
Clark' ' and Ritchie and Knott."2

The mechanism giving rise to the striation markings is obviously unique to fatigue cycling
and is apparently not closely dependent on bulk tensile properties and fracture loughness. While
the precise details of fatigue crack extension by this rm.ihanism are not fully understood, it is
recognized that growth occurs by repeated cyclic strain at the crack tip. Theoretical considera-
tions of Liu"' and Lehr and Lou"' indicate that the slope of the log dadN -log AK relation
in region II should equal 2. Richards and Lindley"° found that, when growth occurred by the
"striation" mechanism, the slope (for a large number of steels) varied between 2 5 and 2-9
in the present work %,with D6AC steel, a slope of 2-4 was obtained. The reason for values higher
than the value of 2 predicted by Liu and Lchr is attributed to the occurrence of tensile fracture
modes, even though the "'stnation'" mechanism predominates.

The changes in fracture mode at low and high amplitudes of stress-intensity introduce difti-
culties in developing expressions to account for the relation between crack-growth rate and stress-
intensity amplitude. Priddle' has shown that crack propagation at low values of K is adequately
described by introducing the threshold stress intensity amplitude, AKth, in Equation (3), thus

da/dN -- C' (AK -AKh)" (4)
Heald et af."' proposed the following modification of Equation (3) to describe crack growth at
high AK values

dci/dN { A2 K',2ra2 (5)

This equation predicts the effect of Km.z as Km.1 approaches K,• (region I11), and further
describes the effect of microstructure, principally through the parameter K,,.

Richards and Lindley' 0 proposed a combination of Equations (4) and (5)

((AK -AK~h)"
du/dN = A' ( 2 - 2)j (6)

for predicting fatigue-crack propagation, from very small values of AK to impending unstable
failure.

Although Equation (6) is not accurate in detail (e.g. it does not reflect the independence
of daidN from K, and av in region 11), equations of this type show promise of predicting the
fatigue-crack propagation rates to extreme itress-intcnsity regimes of a large number of materials,
particularly steels.

Since the lowest rates of fatigue-crack propagation at AK values above region I were
associated with the "'striation" mechanism, and the rates were independent of tensile properties
and fracture toughness, there does not appear to be much prospect of developing a steel which
resists crack propagation under constant-amplitude cyclic loading. However, improved service
life could be obtained by

(i) avo.ding design conditions which would cause growth of cracks by mechanisms other
than striations, and

(ii) developing high fracture-toughness values which extend the range of cyclic stress-
intensity amplitudes over which the striation mechanism is maintained.

4L EFFECTS OF VARIABLE-AMPLITUDE LOADING ON FATIGUE-CRACK GROWTH

In service, aircraft structures experience a widely varying spectrum of fatigue loads, and
this complicates the problem of predicting the rate of fatigue-crack growth. The simplest approach.
based on fracture mechanics concepts, is to sum ewch increment of crack growth. determined
from the da/dN versus AK relation, for each load cycle. Then, after N, cycles, a crack of initial
length ao has a length a, given by

N,

a .ao + Yj&K) (7)
N1
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Numerous experimental studies-c g. Reference 17 -have shown transient increases in
cracking rate on increasing AX. and decreascs on lowering .AK. The effects of step increases and
decreases in load on the rate of fatigue-crack growthi in D6AC steel given heat treatment A
hae been siudied b) the author'" and are illustrated in ' igures 12 and 13. For the test result
shown in Figure 12. a two-level spectrum was used. Before each sequential repetition of the
load programme. 10,000 cycles of 4-5 kN load at 30 H7 were applied to provide fractographic

markers (tide markings) for the initial positions of the crack front and to produce stead -state
crack growth at the commencement of each succeeding programme. Figure 12 shows that, com-
pared with -steady-state- constant-amplitude growth rates, step increase- in load lesel
abnormally increase the growth rate. descending changes in loasi abnormally retard growth.
A detailed study of the effects (Fig. 13) illustrazes their transient nature. After a step-increase in

load, transient rate- up to 7 times the steady-state rates %ýere obtained; these decayed to the
steady-state value after about 200 cycles. Following a step-decrease in load, crack rrovhth
stopped for about 2000 cycles and then rose to the equilibrium value after about 5000 cycles.

Elbert 1 interpreted retardation and acceleration effects on rate of crack growth in terms of
the effective stress range, .-1oer at the crack tip, defined as the difference between the maximum
applied stress. amat and the stress required to open the crack. cop.

le~r -= O'maI - 470p

The stress required to open the crack is a result of the cons:raint against crack-opening due to
the plastic zone. The maximum radius of the plastic zone rp. as given bN Rice,' is (8M

rp, . I,• ,, X 2 (9)

The transient high rate of crack growth after an .;'crease in cyclic load was attributed to the
initially low constraint 2ssociated with the smaller plastic zone size produced at the lower load.

The increase in coitstraint as the plastic zone size increased to the equilibrium value with
continued cycling at the increased load was responsible for the decay of the transient acceleration.

Conversely, crack retardation after decreasing the load was attributed to the high constraint
of the large plastic zone produced at the high load level. Crack growth was arrested until the

constraint was reduced by plastic re!axation due to cyclic softeiuing in the plastic zone The rate
of crack growth then increased to the equilibrium %aluc as the crack grew through the region of

high constraint.
To date, no attempt has been made to incorporate stress-histor) acceleration effects into

fatigue-crack growth laws. The neglect of the acceleration effect is probably not serious in view
of the very rapid attenuation occurring over 200 cycles after a load increase. The retardation
effect after a peak load, which persists for thousands of cycles, is of more practical importance.

Wheeler,"i using concept. similar to those of ElberiQ introduced a retr:dation parameter, C5 ,

into Equation (7), so that
.5'

ai -- ao t- I Cpif(AKi) (10)
,% I

The parameter C, takes account of the strain state in the material at the crack tip and is related
to the magnitude of the sequential plastic-zone sizes associated with the load changes. Wheeler's
retardation parameter has the form

/••( R,_ \ 11

where R, is the plastic zone size associated with the lower stress amplitude and (a,-a) is the
distance from the tip of the crack, of length a, to the boundary of the plastic zone produced by

the higher stress. The exponent n is experimentally determined and is characteristic of a given
material and specified load spectrum; it is usually between I and 3.

A difficulty with interpretations based on plastic zone sizes is that, in the present work and

in that of Amateau and Kendall2 2 on D6AC steel, retardation persisas over crack extensions
that are three times the length of the maximum size of the plastic zone produced at the peak
loads.

While it is not possible, at present, to account properly for retardation effects in fatigue-
crack growth laws, their neglect does lead to conse-r-ative estimates of fatigue lives of structures:
hov-ver, the beneits of the zetardation eflct after peak loads should be exploited in the future.
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5. VM MRONMENTAL ACCELERATION OF FATIGUE CRACK GRON,7111-
CORROSION FATIGUE

Although the influence of environment upon fatigue life has been recognized ior over 44,
r the practical !Ignificance of environmental facturs ha% only been investlatcd Js It

serious problem over the last decade.2' 2 En*,'onmentally enhanced (corrosion) fatigue
cracking occurs as a consequence of the simultaneous influence of a cyclic %tress and an aggres-
sije ens ronnent. It can occur in environments which may not exhibit an) corrosive action in
the absence of the c~clic stress, the aggressive nature of the environment ma% not. therefore, be
obvious. For instance, the absence of striation markings on fatigue-fracture surfaces, after
testing in %acuum, suggcsts that atmospheric air makes an important contribution to the fatigue
fracture mechanism.

The danger of neglecting corrosion-fatigue when assessing the service performance of
structures is emphasised by the fact that water, which is almost always present in service enciron-
ments, constitutes an aggressive environment under conditions of cyclic loading. Figure 14
illustrates the effects of moisture on the fatigue-crack growth rate in D6AC steel. At a cxclic
frequenc' of 10 Hz. the rate of crack growth was not influenced by the preseace of water or
water %apour. Hosever, when the frequency was reduced to I Hz. there was an effect, viz.

increae in the rate of crack growth- The increase in rate was the same for distilled water as for
argon--90"., R.H. water-vapour atmosphere but was less in air with 90",, R H water
%apour. The significant effect of a decrease in cyclic frequency on the increase in rate in the presence
of water was associated with a change in fracture mode- As shown in Figure 15, the crack path
changed from transcrystalline (top) to intergranular (lower) on reducing the frequency.

One attempt to derive relations to predict fatigue-crack growth rates in aggressive environ-
ments has been that of Wei and Landes."2 They considered the rate of crack growth bN corrosion-
fatitue aý the algebraic sum of two components: one represents the rate of fatigue-crack growth
in an inert reference environment, dadN1R,. and the other represents a time (or frequenc))
dependent (stress--corrosion) component- An attempt was made to compute the latter component
by integration of the empirical relationship describing crack velocity under sustained loads.
da dt. for stresses and times corresponding to the load profile. K1. over each cycle. Then. provided
that these two contributing processes proceed independently without any synergistic interaction.

da.dN .- daAdN,- da'di [Ki1 . d' (12)

A model of this type has the merit that, if it is applicable, the available stress-corrosion
cracking data coild be simply combined with fatigue data in inert atmospheres to predict crack-
growth rates in various aggressive environments.

The Wei and Landes model was used to calculate crack growth rates for D6AC steel in
distilled water, using the stress-corrosion data obtained by Pollock" 9 for the same steel in dis-
tilled water. Pollock's data (Fig. 16), shows that the sustained-load cracking rate reaches a
constant value of 0'05 to 0- 1 Am per second over the stress intensity range of 20 to 50 MPa mi.
Calculations using Equation (12) gave values too low to account for the observed cracking rates
(Fig. 14) by a factor of about 3.

A further difficulty with the Wei and Lakides model is that increased fatigue-crack growth
rates are obtained at K..,x values below Ki.s.c.c. (stress intensity below which stress corrosion is
negligible). To overcome this problem, McEvily and Weti" substituted a new threshold stress-
intensity amplitude -XKibhr, appropriate to corrosioni fatigue, in Equation (4). to give the
empirical relation

da/dN - C, (AK-.%Ku,,fr)* (13)
While this equation may adequately describe the behaviour of a particular material in one
environment, the appropriate value of KJqt,1 has to be determined experimentally for other
materials in different environments.

Figure 17 illustrates the effect of hydrogen gas on the rate of fatigue-crack growth in D6AC
steel. Two different loading wave forms were used, positive and negative sawtooth; the ratios
of load-rise time to load-drop time were 9 : I and I : 9, respecively. Two cyclic frequencies
were used, I and 0-i Hz. so that the load-fise tiine for the positive sawtooth profile at I Hz
was approximately the same as that for the negative sawtooth profile at 0. 1 Hz.

With a sawtooth load profile, the Wei and L.ndes "addition" model predicts that the rate
of corrosion-fatigue, crack growth at constant freqiency should be independent of the ratio of
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load-rise to load-drop time. Figure 17 shows that, at both 0. I Hz and I Hz, da/dN is actually
considerably greater with the positive sawtooth than with tlie negative, Furthermore, the rates
are about the same for the positive sawtooth at I Hiz and the negative sawtooth at 01 1 Hz. This
latter result suggests that the environmental contribution of hydrogei in assisling crack growth
occurs predominately during the loading portion of the cycle.

This sensitivity of crack-growth rate to load prolile, the failure of the simple "addition"

model to account for the rate of corrosion fatigue, and the change from a transcrystalline fracture

path to a chaiacteristic intergranular fracture mode associaled with corrosion fatigue. suggests
that corrosion fatigue should not be interpreted in terms of a simple super-position of environ-
mental effects on the fatigue process in an environment. Thus, it should be analysed as a distinct
fracture process that occurs as a result of complex interactions between the effects of the aggres-

sive environment and the deformation resulting from the cyclic loading.

6. CONCLUSIONS

The present study of fatigue crack propagalion in D6AC steel illustrates the complex

nature of the process of fatigue in metals. It is showa that fatigue performance cannot be predicted

solely from mechanical properties, microstructural effects on deformation and fracture processes

play an important role, e.g. through their influence on the mode of fracture and, thus, on the

fatigue behaviour.
Fracture mechanics, particularly through the concept of the stress intensity factor, provides

the design engineer with a means of quantifying the tolerance of materials to cracks. The analysis

of fatigue-crack growth data in terms or fracture mechanics concepts also provides quantitative
measures of the complex effects of frequency, load protile, stress history and environment.

Whil: these data lend themselves to mathematical treatments which will ultimately be a basis

for making predictions of fatigue performance, their principal role, at the present early stage of

development, is, as an aid to the application of current conventional methods of lifing structures.

399



REF FRFNCLS

1. 11.rm. G~. r.. and Exp~erimmental Determination of Plastic Constraint Unde. Plane
kosenfiei(. A. R. Strain Condition%

Trans. ASM1 59. 90', 1966; also ASTM STP 432. 5. 1965.
2. K raft. j. M Correlation of Plane Strain Crack Toughness with Strain Hare-nmwv'.

Charact,. n~tics.
Appi Mat. Res. 3. 88. 1964.

3. Maklin. J.. an'd Relati,)n Bet~kern K_. and Microscopic Strength
Tetf-Iman. A. S. US Arm% Research Office Rept. No. 69-5M. 1969.

4. R~an. N. E. Relationship Bet-Aeen Microstructure and Fracture Toughne'., in
D@AC Steel
Acronautical Re-eatch [aboratories. Net- Note 103. A~ust Depart-
ment of Supply. 1974-

5. Pe~crman. G. L.., and Fifect of Quenching V'arablcý (in the Fracture Toughness of
Jones R. L. D6AC Steel Aerospace Structuresý

Metals [ng. Q'!N. 15, 59. 1975.
6. Fedderson. Gi. E.. Crack Behavýiour or. D6AC` Steel

Moon, D. P.. and Metals, and (erarnic' Informat. -i Centre. Battelle %Memonial
1-yler, W. S. Institute M~CIC 72-04. 1974.

7. Paris, P. C. and A Critical Analysis of Crack Propagation Laws.
Frdogan. F. Trans. ASWE 95. 528. 1963.

8. Cooke. R. J.. Slo" Faugue-Crack Crovath and Threshoid Behasiour of a
Irving. P. E. ""ieoum-Carbon Alloy Steel in Air and in Vacuum.
Booth, G. S., and Eng. Fracture klech.. 7. 69. 1975.
Beaveri. C J_

9ý C,;ke, R. J.. and Sb"% F-atigue-C rack Growth in. Pearlitic Steels
Beavers. C. J. Mat. Sci. -id Erg.. IS, 201. 19'74.

10. Richards. C. E.. and The Influence of Stress Intensity and Micro,-Structure on Fatigut
Lindley, T. C. Crack Proraiation in Ferr. ic Miaterials.

Eng. Fracture Mech., 4, 951. 1972.
11. Clark, W. Gi. EtTect of Temperature Arid Section Size on Fatigue-Crack Growth

in Presure "%-sel of Steel.
J. of Materials, 6. 134. 1971.

12. Ritchie, R. D. and Micro-Cleavage Cracking During Fatigue-Crack Propagation in
Knott, J. F. Low Strength Steel.

Mat. Sci. and Eng., 14, 7, 1974; see also Acta Met. 21. 639, 1973.
13. Liu. H. W. Fatigae-An Inter-disciplinary A,,proach.

Syracuse University Press, 1964; also AppI. Mat'l. Res., 3. 229,
1964.

14. L~ehr, K. R.. and Fatigue Crack Propagation and Strain Cycl~ing Properties.
Liu, H. WN. Int'l. J. Fracture Mech., 5. 45, 1969.

15. Priddle, K. CEGB Rept. RD* B;N. 22.33. 1972.
16. Heald, P. T., The Influence of Stress Intensity and Microsirueture on Fatigue

Lindley, T. C.. and Crack Propagat ion in ai It'. Carbon Steel.
Richard~s. C. E. Mat. Sci. Eng. 10, 2-35. 1972.

17. Corbalv, D. M., and On the Influence of Sin~gle and Multiple Peak Over-loads on
Packman, P. F. Fatigue Crack Propagation.

Eng. Fracture Mechl. 5, 479, 1973.
I8. Ryan, N. E. The Influence of Stress Intetnsity History on Fatigue-Crack Growth.

Aeronautical Research Laboratories. Met. Rept. 92., Aust. Deprt-
.nent of Supply. 1973.

19. Eiber, W. Fatigue Crack Closure Under Cyclic Tension.
Eng. Fracture Mccii., .2 37, 1970.

400



20. Rice, J. R. Mechanics of Crack Tip Deformation and Extc:;,Inn by Fatigue.
ASTM, STP 415, 247. 1966.

21. Wheeler, 0. E. Spectrum Loading and Crack Growth.
J. Basic Eng. ASME, 94, 181, 1970.

22. Amateau, M. F., and Fatigue-Crack Growth Behaviour of a High Strength Steel.
Kendall, E. G. Aerospace Corp., Los Angeles, TR-0172 (2250-10)1, 1971.

23. Haigh, B. P. Chemical Action in Relation to Fatigue in Metals.
Trans. lnst'n Chem. Engs. 7, 29, 1929.

24. Gough, H. G., and Atmosphcric Action as a Factor in Fatigue of Metals.
Sopwith, D. G. J. Inst. Metals 49, 93, 1932; 72, 415, 1946.

25. Bradshaw, F. J., and The Effect of Environment on Fatigue-Crack (arowth in Aluminium
Wheeler, C. Alloys.

Applied Mat. Research 5, 112, 1966.
26. Williams, D. N. Environmental Corrosion-Fatigue Behaviour of Aluminium Alloys.

Defence Metals Information Centre, Battelle Memorial Institute,
DMIC Memo, 249, 1970.

27. Wei, R. P. Some Aspects of Environment Enhanced Fatigue Crack Growth.

Eng. Fracture Mech. 1, 633, 1970.
28. Wei, R. P., and Correlation between Sustained Load and Fatigue-Crack Growth in

Landes, J. D. High Strength Steels.
Mat. Res. and Standards, ASTM 9, 25, 1969.

29. Pollock, W. J. Aeronautical Research Laboratories, unpublished work.
30. McEvily, A. J., and Fracture Mechanics and Corrosion Fatigue.

Wei, R. P. Proc. Int'l Conf. on Corrosion Fatigue, NACE, Connecticut, 381,
1972.

401



TABLE I

D6AC Steel-Chemical Composition
e\M1S b,43) "- --

I IIoI 0 V Rem

C M n S1 P S Cr Ni N1 v F

wt %'-6 07 -03002i1 0-6 1 -2• 0"1 Rcm

TABLE 2

Heat Treatment Schedules Applied to D6AC Steel

Austenivizin!2 Intermediate Quenching Tempering
Temperature "Ausbaý- Quench Media Temperature

C C
_ _ .. . . . ... - - ] . . . . . .. i . . . . . . . ... .

A 930 520 Hot il- 60 C 550
930 C 550

930 )_0 I Salt- 185-50

C 930 520 Salt. 210-C 550

[) j 930 520 i Air cool 550

E 1 930 520 Hot oil 60 C 290

TABLE 3

D6AC Steel Nlechanical Properties

Yie'd Ultimate Deduction Fracture
Heat strength tensile Elongation in area toughness

treatment MPa strength K,,; MPa.,in
* MPa

A 1454 1620 164 1 50-2 105

B 1452 1618 15-2 490 9

C 1444 1622 15.1 49-8 85

D 1449 1644 14.4 47-5 46

E 1506 1900 10.5 39-6 60
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Fig. 1 Shows the characteristic plastic zone at the tip of a loaded crack and the ide1tlty of the
stress intensity factor, K, as the coefficient of equations describing the state of stress in the
region of the crack front,
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Fig, 2 Ductili, mlcero.oid coalescence on the fracture surface of a high toughness,
(Kit 100 MPi 11 ) tost pveirknen,

Fig. 3 Quaisi.leavage type of fracture surface of j low toughness (K10 - 46 MPNi m%) test specimen.
SEM

Inset: The omam surface at higher magnifioation using a shadowed carbon replioa, TEM
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Fig. 4 Transmission-electron micrograph of the homogeneous distribution of fine carbides formed
in the oil-quenched D6AC steel after tempering at 5500C. Inset shows the carbide
distribution obtained using an extraction replica.

Fig, 5 Transmission electron-rmicrograph of the heterogeneous distribution of carbide formed in

air-cooled D6AC steel after tempering at 5500C. Inset shows the carbide distribution using

an extraction replica.

405



Region 11

"Striation'mechanism

KiIC

z

0. d d
N CRegion 111

Slow crack
growth

! Structure
U sensitiveI R<O.1

U-

Region 1E
oC aI;

R=K~

Kth max

Stress intensity amplitude a K

Fig. 6. A schematic illustration of the sigmoidal or three-stage relationship between the rate of

fatigue-crack growth per cycle, ds/dN, and the cyclic amplitude of stress intensity, a K
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Fig. 7 The relationship between rate of fatigue-crack growth. da/dN and stress intensity amplitude,
,6K, for D6AC steel heat-treated to different levels of fracture tough.ess. K,,, and strength.
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8a SEM 8b TEM
x 1000 x 5000

Fig. 8 (a, b). Characteristic features on the fatigue-fracture surfaces of high toughness
(100 MPa m'r,) D6AC steel in region 1, (low growth rate) of the da/dN - IK relationship.
In region I the fracture surfaces of low toughness (46 MPa m"'f and high toughness steel is
indistinguishable.

",' • " • u '

9(a) SEM 9(b) TEM
x 1000 x 10,000

Fig. 9 (a, bh. Fatigue-fracture surfaces of high-toughness (100 MPA m' ) D6AC steel, from region
II of the da/dN - nK relationship (where da/dN a &Km Cracking in region tl is
characterised by the formation of striation markings.
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10(a) SEM 10(b) TEM
x 1000 x 10,000

Fig. 10 (a, b). Fatigue-fracture surface of high-toughness (100 MPa m%) D6AC steei from region III

of the da/dN - %K relationship, where LK is greater than 0.7 K,. Void formation and

coalescence is noted.

jI;

11(a) SEM 11(b) TEM
_•22SS - x 10,000

Fig. 11 la, b). Fatigue-fracture surface in low-toughness (46 MPa m%) D6AC steel from region III
of the E4a/dN - ,< relationship. A micro-cleavage mode of fracture is noted.
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Fig. 12 Fatigue-crack growth rates per cycle da/dN versa stress-intensity amplitude, aK. for the
two-load level spectrum used in a detailed analysis of acceleration and retardation of fatigue-
crack growth. Data points represent average rates of propagation for each succeeding load
level for comparison with the continuous curve for constant-amplitude fatigue-crack growth.
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Fig. 13 Representative details of fatigue-crack growth rates in relation to numbers of cycles
following step changes in cyclic load, accordirq to the spectrum applied in Fig. 12. The
acceleration or retardation in rate of crack growth, due to either an upward or downward
change in cyclic load respectively, is shown relative to the growth rates (horizontal lines)
normally expected for constant amplitude cycling, at equivalent amplitudes of stress
intensity.
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Fig. 14 Fatigue-crac* growth per cytcle. ds/dN, vers" the sfWnliUWO of stress intensity, & K. for
fatkgue cracking, in D6AC seel, in various environments containing distilledl water or water
vapor. The solid curve sh w the rate of fatigue-crack gr wt in dry air or argon while the
variou data points relate to cracking in water-containing environments (listed) at either 10
or I Hz.
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Fig. 15 Fracture surface of D6AC steel after cycling at 25 MPa my in argon/water vapour. The
transition from a trans crystalline (top) to an inter crystalline mode of cracking (lower) is
induced by a change in cyclic frequency from 10 to 1 Hz. SEM x 750
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Fig. 16 Rate of stress corrosion cracking, daldt, as a function of applied stress intensity K, for
D6AC steel in distilled water.
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Fig. 17 Fatigue-crack growth in DOAC stel in low pressure (13.3 kPa, 100 Torr) hydrogen under
positive and negative sawtooth cyclic load, wave forms. Rate of crack growth under a

negative sawtooth wave form at 0.1 Hz is almost coincident with the growth rate under a

positive sawtooth wave form at 1 Hz.
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DISCUSSION

QUESTION-Keith R. L. Thompson
(0nircrsity of New South 14'aies)

"IHas the speaker examined the effect of stress ratio R on the overall shape and the location
of the inflexior, points in the sigmoidal relationship shown in Figure 7?

The questioner has observed in high strength AISI 4340 steels that the first inflexion point
in this relationship occurred at an essentially constant value of Kmas(Ki'l -R) and growth rate
irrespective of R or material strength. Furthermore, the transition appeared to be related to both
the commencement of shear lip development and a change in fracture mode from structure-
sensitive to structure-insensitie. The second inflexion point in the highest strength level material
used occured when Kmax approached the plane strain fracture toughness of the material and was
marked by the occurrence of elements of tensile crack growth on the normal fatigue crack growth
mode. In the lower strength lesel material, the second inflexion point did not occur at a constant
value of Km.,. but it did appear to occur when crack growth occurred under essentially fully
plane stress conditions.

Would the speaker like to comment on these observations?

Author's Reply

Your observations of fatigue-crack growth in 4340 steel are most interesting.
Our stuaies on fatigue-crack growth in D6AC steel have not included examination of the

effects of mean stress or R. Your observations of the constancy of the lower inflexion in the
da'dN K relationship is intriguing. However, I am not able to offer any explanation. An
apparent change in fracture mode -cr crack extension mechanism -is consistent with other
observations which relate to this region of low growth rate.

Regarding the upper inflexion. it is well to recognise that change in growth rate can occur
I)1 as a consequence of the intrusion of the tensile cracking mode, or

(i) due to the transition from plane-strain to plane-stress conditions.
These processes are independent. The latter is unlikely to arise, even in low strength material,
provided specimen thickness is adequate.

QUESTION-J. C. Ritter
(MRL)

I wish to make two comments:
Firstly, Dr. Ryan is correct in saying that the relationship (Fig. 7) between fatigue crack

growth rate and stress intensity amplitude should apply to cases other than D6AC steel. Work
at MRL. on high-strength gun steels of the 3j]'! NiCrMoV type, quenched and tempered to
around 1300 MPa UTS has produced data which coincide exactly with those of the lower
strength material shown in Figure 7. The common factor is the microstructure: a clean steel,
rapidly quenched martensite, followed by tempering to give a uniform dispersion of fine carbide
particles.

Secondly, the striation mechanism of crack growth (shown as Region II in Figure 6) is
independent of microstructure only in the first approximation. Even when the contribution
from tensile fracture modes, arising largely from the presence of non-metallic inclusions in the
microstructure, is accounted for, there remains an effect of homogeneity of microstructure.
This effect is seen when a very homogeneous steel achieved by electroslag remelting (ESR) is
compared with a convetional molten ingot steel having the same, or even lower, inclusion
content: the slope of the curve in Region II is lower for the ESR. This reduction is believed to
result from the more uniform microstructure, down to a very fine scale, in the ESR.
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Author's Reply

Your comment regarding the coincidence of fatigue crack growth rates in martensitic
steels, independent of tensile properties, again emphasises the fact that no great improvements
in resistance to fatigue cracking for tests at constant amplitude are likely to result from changes
in alloy chemistry or heat-treatment.

The influence of alloy purity and non-metallic inclusions on fatigue-crack growth can be
interpreted if we consider the mechanism of growth giving rise to "striations" as due to irrevers-
ible cycle strain, in which case theoretical predictions (References 13 and 14 of the paper) suggest
that da/dN o= K2. Interfacial separation between hard precipitate, or inclusion particles, and the
matrix introduces a perturbation in the crack growth process, leading to increased rates of
growth. The slope of log da/dN-log K is then almost always greater than 2 and increa;es with
increasing particle size and impurity content.

QUESTION-Sqn. Ldr. C. Giles
(RAAF)

Tables 2 and 3 of your paper illustrate the effect of several high temperature heat-treatment
schedules on the fracture toughness of D6AC.

What effect, if any, would you expect a simple bake cycle to have on fracture toughness?
For example, a bake at 250TC followed by air co'ling.

(This bake cycle is regularly used to relieve hydrogen embrittlement after stripping paint
from D6AC components using paint stripper.)

Author's Reply

Changes in fracture toughness in D6AC steel are attributed to differences in quenching rate
and their effect upon the initial, "as-quenched" martensite. The steel is subsequently tempered
up to 550' to provide the desired tensile properties. Suoisequent reheating for the purpose, say
of removing hydrogen after cadmium-plating or paint stripping during maintenance, is unlikely
to introduce any changes in fracture toughness, provided that the re-heating (or baking) tem-
perature does not exceed the tempering temperature.

QUESTION-N. T. Goldsmith
(ARL)

The "intergranular" mode of cracking is presumably along prior austenite boundaries in
the steel.

What then is the true path of the "structure-sensitive" fracture?
Could this be truly intergranular?

Author's Reply

Intergranular cracking resulting from environment-assisted (corrosion) fatigue cracking
is clearly related to an almost continuous intergranular crack path, i.e. along prior austenite
grain boundaries. However, faceted fatigue-crack paths in inert environments, in the slow
crack growth region I (below 5x 10' mm per cycle), also appear sometimes to follow across
grain boundary faces. This, I believe, is largely due to the fortuitous incidence of grain boundaries
oriented parallel to the direction of crack'growth. The term "structure-sensitive" growth has
loosely been applied to region I fatigue cracking where there is clearly some association between
the rate of crack growth and microstructure; nevertheless, no unambiguous direct relationship
has been demonstrated.

QUESTION-P. J. Howard
(ARL)

I think that what you have termed "acceleration" of crack growth is really retardation,
and the observed decay in crack growth rate is due to the need for several stress cycles to set
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up it steady sItae crack tip environment. This would also explain the efTect, earlier described by
l-tnnerv, thnt the retalrdaition increascs as the number of high loads increase.

Can "acceleration" be produced by treatments, e.g. annealing, other than pre-cycling at as
lower stres.?

Author's Reply

Ati initial (five-old) increase in rate of' ratigue-crack growth, relative to the rate at constant
amplitude for the same stress intensity range, is a consequence of a substantial step-increuse
in strests intensity range. The gradual decrease in rate of gr,)wth consequent upon further cycling
at. the new (higher stress) intensity range, is termed a growth rate decay or attenuation simply to
distinguish it fromt the more commonly recognised "retardation" effect (described by Dr.
Finney) f'ollowing a marked htep-dec reuse in stress intensity range. It is likely that the magnitude
of the acceleration effect (relative to conitant amplitude) would be greati'.- the sharper the pre-
crack. e~q. one Introduced at a very low stress intensity. Further sens~itizing of a sharp cruck by
annealing out the %;yclit: strain at the crack tip has been assessed in regard 'zo the returdation
effect, described in Dr. Finney's paper, but not in relation to the accalerntion phenomena.

The term% "itccelcration" and "retardistion" are used to describe the tra'isient changes
ohserved in crack growth rates, relative to constant amplitude cycling at equivalent values of'
xtress intensity range. It i-. true thut the observed "attenuation" in an initially accclerated rate
isi also % pr'ogressive retardation. Nevertheleiv, changes in terminology could result in further
COnfusion whon disicussinif these phenomena. Both effects probably result rrom changes in the
eliirtic iind plaxtic constraints (residual stresses) developed around the crnck tip. In the case of'
the decay following initial acceleration the constraint varied ftrom a lower to a higher degree;
in, the case of "retardation", it change from a higher to a lower level of constraint is involved.
Ilowever, extensive low level cycling, sufficient to Induce the appropriate amount of plastic
relaxation, can be required before f'urther extension of the crack occurs after decreases in
amplitude.

418



FIBRE COMPOSITE REINFORCEMENT OF CRACKED

AIRCRAFT STRUCTURES

by

A. A. BAKER and M. M. HUTCHISON

SUdMMA R Y

The fatigue performance of a range of commercially available adhesive materials
has been examined to enable the selection of an adhesive system suitable for bonding of

fibre composite reinforcements to cracked aircraft structures. Small constant stress

cantilever 7075-T6 aluminium alloy fatigue specimens were used to evaluate the charac-

teristics of the adhe dvcs and also to examine the feasibility of using fibre composites
to control crack propagation.

The adhesive selected for the repair application required curing at 13OWC which,
due to the low thermal expansion of the composite, induced residual tensile stresses in

the aluminium at room temperature. Wedge-loaded, pre-,cracked stress-corrosion specimens
were used to show that these internal stresses do not significantly limit the practical

usefulness of the proposed repair schemes.

Finally, two practical aircraft repairs are described which are currently being

evaluated under operating conditions.
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I. INTRODI ICTION

Cracks initiate and propagate in many aircraft components due to factors which may include
poor design, inappropriate choice of materials and/or unexpectedly demanding operating
conditions.

Reinforcement of under-designed components before crack initiation is one solution (e.g.
the bonded fibre composite doublers used on the wing pivot fitting of the F-I I I ') but, usually.
components are reinforced after the discovery of cracks of sub-critical size. Repairs of this type
are more often applied to light alloy components than to high strength steels since critical crack
lengths are normally far larger in light alloys,. Not all com,:onents cain be str-ngthened or repaired
but, where it is possible. a very cost-effective extension of the safe life of an aircraft can often be
achieved.

Standard repair schemes to date have normally involved bolting or riveting strengthening
members, made from the same type of material as the original component, to reinforc.e the
cracked area. This procedure, although it introduces no electrochemical compatibility problems,
can create undesirable stress concentrations at the point of attachment and also. by over-
compensation of strength, can introduce fatigue problems at the ends of the reinforcement.

Recent technological advances in adhesive bonding and in fibre composite materials suggest
the possibility of developing efficient repair schemes in which,

(i) the load is transferred from the component to the reinforcement without serious stress
concentration, and

(ii) the properties of the reinforcement can be tailored to suit the particular application.
Table I lists the advantages and disadvantages of boron and carbon fibre reinforced plastics,
compared to metals, for reinforcement (patch) material; these fibre composites probably have
greatest potential value for this patching application, although other fibre composites based on
steel wires, Kevlar fibres and glass fibres could also be important in particular applications.

This paper considers some aspecL, of work undertaken to evaluate various parameters
associated with reinforcement of light alloys by fibre composites. Experience with two practical
examples of this technique, for reinforcement of cracked aircraft components, is also considered.

2. BACKGROUND STUDIES

Successful reinforcement of metal components with fibre composites depends largely on
efficient transfer of stress from the defective components into the composite material. Thus, the
present background studies centered around the properties of adhesives and the adhesive bond
achieved between 7075-T6 aluminium alloy and the chosen fibre composite. The three types of
advanced fibre composites which were used (Table 2) all have advantages for the reinforcement
of aluminium alloys:

(I) Carbon fibre reinforced plastic (CFRP) is comparatively inexpensive but can induce
corrosion of metal in electrical contact with it because of its electrical conductivity and
cathodic nature.

(2) Boron fibre reinforced plastic (BFRP) is more costly than CFRP but, since it is electric-
ally non-conducting, presents no corrosion problems; in addition, thermal stresses are
of less significance because boron fibres have a higher coefficient of thermal expansion
than carbon fibres (see later).

(3) Boron fibre reinforced aluminium (BFRA) is the most expensive of the three; it was
considered here mainly because its surface treatment for optimum bonding should be
identical to that of the aluminium alloy to be reinforced.

Background studies were also undertaken to establish the feasibility of using bonded com-
posites to prevent fatigue cracks from growing and to determine the influence of stresses intro-
duced during bonding on the subsequent behaviour of the system.
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2.1 Static Strength of Adhetxive%

A necessary pre-requisi.e to the study was a knowledge of the shear strengths of available
adhesive materials: values of maximum shear strength were required, rather than the average
values usually determined.

The declopment 2 of a step-lap sandwich specimen and calculation of the stress distribution
within its adhesive layers enabled the determination of the maximum values of shear stress for
several adhesives-' This specimen design (Fig. I) virtually eliminates the two major causes of
undesirable bending of the adhererds which are common to most other test methods, viz.

(i) bending due to misalignment of applied loads, and
(ii) bending resu;ting from the diliering mechanical properties ot the adherends.

Other advantages over existing test methods inciude:
(a) close control of adhesive thickness,
(b) ability to measure adhesive thickness after testing, and
(c) reduced amount required of one adherend (the sandwiched material), which can lead to

considerable economes of expensive materials.
Knowledge of the static strength, although useful as an initial guide. is not a sufficient basis

in itself to allow the selection of adhesive materials for the present application. The behaviour
under operational conditions, of cyclic stressing and environment in particu!ar, is of paramount
importance here.

2.2 Adhesive Behaviour under Cyclic Stressing

A comprehensive study was undertaken concerning the behaviour of selected adhesives
under fatigue loading. This work i. reported elsewhere in detail;' the most important features
are outlined below.

2.2.1 Adhesives

The adhesive systems of greatest interest here are those which develop high fatigue strengths
without requiring high curing temperatures, elaborate surface pre-treatment of adherends or
high bonding pressures. Some capacity for stress relaxation could be advan.ageous as a means
of reducing internal stresses, providing the rate of relaxation was low compared to the rate of
cyclic stressing in applications involving fatigue. These requirements , re very stringent and can-
not be met by any currently available adhesive. The following range of adhesives (detailed in
Table 3) was examined to enable the best compromise to be selected.

Ethyl cyanoacrylate was chosen because it is a solvent-free, cne-component adhesive
curing at ambient temperature without pressure; it is reported to be relatively rigid and to give
high bond strengths with a very wide range of materials.

The flexible epoxies chosen are typical of the commercial !ow-pressure, twin-pack type
which cure at ambient temperature; they are reported to bond a wide range of materials and to
be resis'ant to fatigue.

"71,- rigid epoxy cures at a relatively high temperature but little pressure is needed: it is
reported to have given very high bond strengths.

Finally, the epoxy-nitrile film selected is typical of the advanced adhesives used to bond
aircra, structures. It requires both a rather high temperature (however, lower than most com-
parable systems) and a high pressure; very high bond strengths are reported.

2.2.2 Method

Evaluation of the adhesive performance was based on measurements of the efficiency of
strain transfer from the substrate to the adhesively bonded reinforcement; because of the
analogous physical situations, strain-gauge theory was used for analyses of stress and strain.
The efficiency of strain transfer uepends on:

(a) the thickness and shear modulus of the adhesive,
(b) the substrate modulus, and
(c) the length, thickness and modulus of the reinforcing strip.
In a given system, the above parameters remain constant, except that
(ii the efzetive strip length changes if a fatigue crack grows in the adhesive layer, and
(ii) the effectie modulus of the adhesive is reduced by any relaxation.

Consequently, the efficiency of strain transfer can be used to monitor changes from these causes.
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Tests %%ere ý.arricd out in bending using specirens (rig. 2) consisting of 7075-T6 aluminium
alloy constant-stress cantilevers (CSC) to which the reinforcing strips were adhesively bonded
on one side: 7075-T6 reinforcing strips were used in some experiments instead of the composite.
With the CSC specimen. the stress distribution in the adhesive layer closely approximates that
produced by axially straining the substrate.

Various surface treatmentb were emp!oyed to prepare the CSC for bonding (Table 4). The
BFRA and 7075 strips were given the same treatment as the CSC but alumina grit-blasting
(with MEK degreasing before and after) was the only treatment found tffective for CFRP and
BFRP.

Changes in efficiency of strain transfer to the -trip we-e determined by comraring the strain
readings obtained during the test (e,) with that observed at the beginning (e,o). Usually.
instantaneous static strain measurements were made after loading the CSC specimens at their
apex (Fig. 2); from these results the experimental parameter iie,' could be evaluated. An im-
portant adantage of the bending method is that loading is fairly rapid so that errors dutc to
strain relaxation in the adhesive layer are minimised; the 95". confidence limit on the mean of
e, e,0 measurements was estimated to be -0008.

Relaxation measurements were made by loading the CSC specimen for five minutes, unload-
ing, and then determining the compressive strain, e., which resulted.

Cyclic stressing of the adhesive layer was achieved by subjecting the CSC to reversed
bending at 50 Hz in a laboratory environment at ambient temperature, the CSC being held at
its fixed end in a strain-gauged dynamometer. The peak cyclic load was held constant during each
test, giving approximately "'constant-strain" conditions in the CSC. During the fatigue tests,
readings of strain amplitude were taken from both the dynamometer and the strain gauge bonded
to the strip. Measurements of changes in e, during fatigue were usually made by periodically
removing the CSC from the fatigue machine and carrying out a static measurement as described

above.
The static method gives a precision much higher than could be obtained during fatigue

because of errors introduced by slight movements in the gripping position. However, fatigue
strain measurements were used for adhesives which showed a high degree of relaxation: since
static measurements were then subject to large errors. In tests at high strain levels ( - :: I -8 10-3),

gauge failures occurred which necessitated gauge replacement: the maximum error in e.:e0 o
introduced by changing the gauge was estimated to be -. 0-03. After testing, all specimens were
taper-sectioned along the strip length and metallographicall) polished to enable measurement
of the thickness of the adhesive layer and to observe the nature and extent of fatigue-cracking.

2.2.3 Results

Relaxation measurements were used to estimate the effective shear modulus, Gt. of the
adhesives after loading for five minutes. The results, normalised to an initial value for GL of
I •GPa, are given in Table 5 together with the measured e,.'eno ratio and the values of effective
adhesive thickness, IL.

Adhesives C and D relaxed comparatively slightly-the extent was acceptable for the
present application. Adhesive A was also fairly resistant to relaxation: since A is cured at about
room temperature, this resistance could have practical importance. In contrast, adhesives B

and B' suffered considerable reductions in their effective shear moduli, even though cured at
-90C. The extent of these reductions indicates that these adhesives would not be of practical

value for reinforcing applications.
When subjected to fatigue loading above a critical cycliL stWain in the CSC, the strains in

the strips decreased with increasing number of cycles (Fig. 3).* This fatigue damage in the
adhesive layers was interpreted in terms of crack growth.' Adhesives C and D were the most
resistant to fatigue damage. Adhesive C may be capable of even better performance than shown

since the failures were mainly at the interface with the aluminium, despite the elaborate pre-
treatment of the aluminium surface. Failures in adhesives A, B and D were usually "cohesive"
(Figs. 4, 5 and 6), suggesting that maximum strength levels were achieved in these adhesives.

The favourable influence of the "Dacron" carrier fibres in adhesive D in inhibiting fatigue crack
propagation is apparent in Figure 6. Adhesive A gave reasonably good fatigue behaviour when

* The terms "adhesive" and "cohesive" failures are used to denote failures at the adhesive/
adherend interface and within the adhesive layers respectively.
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used tc bond BFRA to the (SC; in view of its low curing temperature and comparatively good
relaxation properties. this adhesive may be of value for repairs where high temperature curing
adhesives are unsuitable.

Since chemical surface pre-treatments of the aluminium are undesirable in many applica-
tions, simplified surface treatments were investigated for the most promising adhesives (A and D).
Excellent fatigue results vere obtained with adhesive D using the a&umina grit-blast technique
for the surface preparation of the aluminium: the fdilure was then cohesive (Fig. 3) and the
cracking mode was similar to that in Figure 6. The trials using adh,-ive A with BFRA were
disappointing. Poor results were obtained v, th both the grit-blast surface preparation and with
a proprietary etching procedure used for mounting strain gauges with this adhesive.

The main conclusion resulting from this stage of the investigation was that adhesive I)
was suitable for practical repair applications using the simple alumina grit-blasting technique
for surface preparation. The main disadvantage with this adhesive was the need for an elevated
temperature cure.

During the above work, an interesting observation was made which could be of practical
importance. Fatigue tests when le, > I '8 .• 10 3 often resulted in failure of the strain gauges (by
cracking of the grid). It was found that, on replacing the strain gauge using adhesive A. the
initial strain reading was often much higher than the last reading of the old gauge. This effect
naturally caused concern as to the significance of the results, even though, during subsequent
continuation of the fatigue tests. e, fell fairly rapidly to the expected value and then decreased
at the normal rate. The behaviour appeared to be consistent with pinetration and healing of
fatigue cracks in the adhesive layer by adhesive A, which has an excellent %etting capability.
In Figure 7 results confiiming this view are shown; a BFRPiDspecimen was fatigued to obtain
a fall in e,. plotted as e,,e., and adhesive A was then flooded over the ends of the strip. Tne
extent of recovery is shown by the vertical arrows (from crosses yepresenting the fatigued state
to full circles representing conditions after application of adhesive A). In the final part of the
plot in Figure 7 the rate of decrease of e,'e,0 with N corresponds approximately with that
expected if adhesive A alone had been used.

The above observations suggest that the technique could be important for field repairs of
damaged bonded structures and ot delaminated composite structures.

2.3 Crack Repair

Although both BFRP and CFRP bonded with adhesive D appeared promising for practical
repairs, it was decided to ccncentras,, initially at least, on the use of BFRP simply because

there is no danger of enhanced corrosion of the metal substrate. CFRP can be used for such
applications providing simple precautions are taken, e.g. the inclusion of a glass cloth layer
between the carbon fibres and the aluminium to act as an electrically insulating layer.'

A brief study was undertaken to demonstrate that the BFRP;D system could be efficiently
used to inhibit fatigue crack propagation.

In principle, the problem of predicting the reduction in rate of fatigue crack propagation
by patching reduces to that of finding the decrease in the cyclic range of stress intensity AK
induced by the patch and then using the experimentally determined relationships between AK
and the rate of crack propagation in the aluminium alloy, da/dN, to obtain the desired infor-
mation. Typically, for metals under sinusoidal loading, daldN - AAKMI, where A and n are
constants (n - 4 in many cases). Thus, small changes in AK strongly influence da/dN.

Detailed consideration of the theoretical aspects of patching have been given elsewhere;"'
a brief description of the salient parameters is presented here to aid further discussion. An
analysis of the reduction in stress intensity by patching a centrally cracked infinite plate has been
given by Takeshi Kanazawa et al.:. the assumed model is shown in Figure S-the patches are
assumed to be bonded only along the edges parallel to the crack. When the plate is subjected to
tensile stress a reactive load P develops in the patches, producing an opposing stress intensity
K, in the plate. Since stress intensities can be algebraically summed, the effective stress intensity
K. is given by K, - K, ,-K, where K, is the stress intensity that would have resulted in the
unpatched plate. Typical results of the analysis, Figure 8, show that the compliance of the
patch (reveated in this case by changes in L) and its position with respect to the crack determine

the value of K.; in general the patch should be close to the crack tip and be as stiff as possible.
As opposed to the end-bonded situation, for a patch of a given geometry maximum stiff-

ness in the region of the crack can be obtained by

423



(a) bonding the patch oser all its surface in contact with the plate, ind
(h) using an adhesive with a high G.. low relaxation characteristics and low it.;

the theory proposed in Reference 6 has been extended to cover this case (Ref. 8). However,
method (b) of increasing the effective stiffnes,, of the patch also inercas•s the l-,cal srcss ig- the
adhesive layer close to the crack, so that a compromise must be reached for fatigue crack-
patching depending on the fatigue strength of the adhesive la)er.

The influence of adhesively bonded patches on the rate of propagation of fatigue cracks
in 7075-T6 aluminium alloy was studied using modified CSC specimens tested at 50 Hz in the
laboratory environniesit at room temperature. A notch was cut in the edge of each CSC such
that a fatigue crack would initiate and then propagate across the specimen at a level correspond-
ing to the normal strain gauge position on the patch (Fig. 2). Fatigue cracks were then grown
to a total crack length. from the specimen edge, of - 5 mm prior to patching. BFRP patches
(0- 15 mm thick) were bonded in corresponding positions on both specimen faces. Alumina
grit-blasting was used to prepare the composite and metal surfaces for bonding in all cases
except one. Here, for comparison, the aluminium was etched as listed in Table 3 (care being taken
to prevent etchant from entering the crack).

Fatigue was carried out at constant applied bending moment and the crack length periodic-
aliy measured microscopically after removing the specimen from the fatigue machine In benoing.
there is ?. tendency for a crack on one surface to grow more rapidly than that on the other. This
problem was avoided, at least in the stages of growth before the patch was reached. by setting a
slight tensile bias in the fatigue machine and placing the CSC with the side initiaily having the
shortest crack length under the tensile bias. Measurements of crack length could not be made
when the crack front tunnelled under the patch, but the cycles to emergence vwere measured.

The rate of crack growth was much greater for unpatched specimens than for patched
specimens, which was attributed to the general stiffening effect of the patches. Thus the efficiency
of the patches in retarding crack growth cannot be obtained by direct comparison with the
results of the unpatched specimen. This problem was overcome by comparing the rate of growth
after the patched region with the expected rate in the same specimen. The expected rate was
obtained by extrapolating the exponential regions of growth, as shown by the dashed curves
in Figure 9.

A marked reduction in the rate of crack propagation occurred in all patched CSC specimens
when the crack reached the patch position, Figure 9. Within the limits of experimental observa-
tion, the exponential form of the propagation curve appeared to be maintained until the crack
actually tunnelled under the patch; this observation agrees qualitatively with the theory which
suggests that the effect of a patch on K, is fairly short in range. An unexpected result ,&as the
gradual progressive reduction in the rate of propagation of the emerging crack. In the absence
of the patch, the rate of propagation progressively increases, as shown by the dashed lines in
Figure 9: the reason for this difference is not clear.

A measurement of the influence of the patch on crack propagation %as made by calculating
the effective range of stress intensity AK using the empirical relationship:

AK - 275 (daidN) .t MN m -- 2

where daidN is the measured rate (ms- ) and the constants are taken from data on 7075-T6
valid for the rates observed.' Results for BFRP/D (Fig. 10) show a linear initial and extrapolated
region (curves for unpatched specimens suggest that a linear extrapolation may be conservative)
with a reduction in -NK of up to 40o. Although the curves in Figure 10 initially show a qualitative
similarity to the theoretical curves (Fig. 8), the region of negative slope after the patch is not
predicted: of course the differences between the theoretical model and the experimental specimen
are very large, making detailed comparison difficult.

In general, the apparent decrease in AK is not as large as may have been expected, considering
that the patches were in the outer highly stressed regions. Unfortunately the specimens are com-
plex so that no simple theoretical comparison is possible. However, the same method of effective
AK measurement (e.g. from da/dN measurements) with specimens more amenable to analysis,
such as that considered in Figure 8, may prove useful.

2.4 Inftce of Residital Stresses from Pate"tig oa Stress-Corronlin Beiaviour

Tensile residual stresses at room temperature can arise in a metal component on cooling
after bonding fibre composite patches at elevated temperature. For a given geometry and bonding
temperature, the magnitude of tensile stress depends directly on the difference in coefficients of
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thermal expan'-ion of compo.ile and metal. This difference, based on data from the literature.
is 2:18 - 10-l C 'for BFRP and aluminium, while a -alue of - 14 10 '06 C ' was obtained
from measurements of curvature of an aluminium strip at room temperature after bonding
BFRP to one side at elevated temperature: these values are in reasonable agreement, consider-
ing the possible errors involved. For a composite meta, thickness ratio of I : 3, typical of much
of the present experimental and practical work, an internal stress of - 60 MPa would be expected.
Tensile stresses of this magnitude in the aluminium alloy could adversely affect its fatigue
behaviour and induce stress-corrosion cracking.

Work on reverse-bending fatigue of unnotched fibre composite reinforced aluminium
beams'" indicated that the stresses introduced by bonding with AF126 did slightly reduce the
fatigue performance of the metalhc component. The extent of this reduction was not of practical
significance. Nevertheless, it was possible that the internal stresses could adversely influence the
stress-corrosion behaviour of the aluminium (and, thus, possibly contribute to crack growth by
corrosion-fatigue).

The approach taken to study the above stress-corrosion aspects was to select a system known
to be prone to stress-corroion, create a situation where stress--corrosion crack-growth was
taking place, and then to monitor the influence of bonded reinforcing patches on subsequent
growth of the cracks. It was assumed that, if patching prevented growth of the stress-corrosion
cracks, then it was unlikely to initiate cracks in virgin specimens.

2.4.1 Materials

One of the practical reinforcements undertaken (c.f. Section 3.1) concerned cracks in ribs
of an aircraft wing plank manufactured from 7075-T6 aluminium alloy, which is susceptible
to stress corrosion. Due to the method of manufacture, the alignment of grain boundaries in
the component favoured crack propagation parallel to the edge of the ribs. Ribs were cut from
a discarded wing plank to make specimens (Fig. II).

BFRP patches of dimensions 45 mm X< 25 mm x "-0-45 mm thick were made from four
layers of pre-preg (100 pm diameter fibres in epoxy matrix) laid up with each layer of the boron
fibres aligned in the same (25 mm) direction. After surface preparation using the alumina grit-
blasting technique, the patches were bonded to the aluminium, with the fibre orientation at
right angles to the cracks, using AFI26 adhesive cured at 130'C-

Specimens were immersed at room temperature in an aqueous solution containing CrO3
(36 g/i), NaCI (3 g,) and K2Cr 20 (30g!l); this solution is known to encourage stress corrosion
in 7075-T6. "

2.4.2 Procedure and Results

A fine hacksaw cut (20 mm long) was made in the end of each specimen, into which was
driven an aluminium Aedge (7075-T6) to produce an overload crack extending for about another
30 mm. With the wedges still in place, the specimens were immersed in the aqueous solution and
crack-growth was monitored visually. All specimens, except those used to establish crack-
growth behaviour, were removed from the solution after crack-growth was well established
(usually several days). This procedure avoided possible ambiguity due to the inclusion of the
highly variable period for initiation of stress-corrosion cracking in the results. The desired
patching or other treatment was then carried out before returning the specimens to the solution.

The position of the crack tips under the BFRP patches was monitored to ± I mm using an
eddy-current technique.

Unparched Specimen.s
The length of the overload cracks in the specimens varied considerably (=45-65 mm).

Thus, although the starting stress intensities at the various crack tips should all have been
similar (Kie), the simple specimen design would cause the stress intensity to change at different
rates with subsequent increments of crack growth in different specimens. This effect, supplemented
by variations due to slight material differences, accounts for the observed range of crack-growth
rates in the reference specimens (Fig. 12); differences in incubation period have been omitted
from the results. The general trend shown by these results is the same, viz. the rate of crack
growth is initially high but decreases with time, Figure 12 also includes an "average" curve,
representing the centre of the scatter band of the results for comparison with the behaviour of
the other specimens.
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The next stop wa, to determine whether or not the thermal curing treatments had any

influence on the crack-propagation rate% Specimens, in which active stress corrosion had been
established, were subjected to the thermal treatments and returned (still wedge-loaded) to the
aqueous solution. No significant change in cracking rate resulted (Fig. 13).

Parched Specimen•
The location of the patches with respect to the crack tips could have significantly influenced

subsequent crack propagation. The results of tests on specimens patched at three typical loca-
tions (Fig. II) can be summarised as follows:

(a) When the edges of the patches were located 4 mm ahead of crack tips, the cracks grew
until their tips "ere well under (up to 12 mm) the patches before cracK-growth ceased
(Fig 14).

(h) When patches were located centrally over the crack tips, crack growth was prevented

in all but a few instances, where a small amount of growth occurred (Fig. 15).
(c) When patches were located over the cracks with the cracks extending 4 mm beyond the

patches. there was about the same amount of crack-growth as for case (a) before crack-
growth ceased (Fig. 16).

2.4.3 Discussion

Th( above series of ,imple tests was designed to show whether or not the level of internal
%tress introduced into the aluminium by the chosen reinforcement scheme was sufficient to cause

significant stress corrosion cracking in practical applications. The results show that no problem
is likely to he encountered in practice, providing the patches are located over the crack tips.

The use of wedge-loaded specimens may be considered to be a rather demanding situation,
since the stress encouraging crack-growth would be greater than that solelý, arising from the
internal stress. However, this pre-loaded condition corresponds reasonably well to the practical
situation where the reinforced components will he expected to sustain both the internal stresses

and their normal operating loads.
For patches located ahead of the tip, crack-growth would be expected until the tip came

close to, or reached, the edge of the patch. The observed crack-growth continued further, i.e.
until the tip penetrated under the patch. possibly due to the influence of the internal stresses.
Similarly, internal stre,,ses could have contributed to the observed crack-growth in the specimens
where the crack extended bcond the patches.

The most praciicalls signilicant observation was that virtually no growth occurred when the
patches were bonded over the crack tip and, e,,en for the other patch locations, crack-growth
eventually ceased.

Penetration of adhesive into the crack could occur during application of the patches over the
cracks, thus isolating the crack tip from the corrosive environment. However, the action of
the patches in stopping crack-,rowth was clearly demonstrated by those examples where patches
were located ahead of the crack tips.

3. PRACTICAL REPAIR APPLICATIONS

In the preceding sections, it was demonstrated that bonding of fibre reinforced plastics
to metallic components could be a practical method of repair or reinforcement. The next step
was to apply this technique to actual components and to evaluate their subsequent performance,

The choice of suitable components is restricted because they must comply with the following

requirements:
(a) the component must be amenable to repair;
(b) a conventional repair procedure must be either unavailable or less satisfactory for some

reason ;
(c) the aircraft operator has to be sufficiently interested to permit the subsequent evaluation

inspections to be undertaken; and
(d) "fail safe" or closely monitored situations are necessary for initial evaluations, particu-

larly in cases where no repair scheme has been developed previously.
This section describes the cxpcrimcntal schemes deve!oped for the repair of two com-

ponents which satisfied the above requirements.
Ideally, design expertise in repair schemes would enable the immediate selection of the

optimum patch parameters (size, thickness, fibre orientation, patch taper, etc.) for each particular
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problem. However, although work is currently under way to achieve this objective, such exper-
tise was not available when considering the examples described herein. Thus, these repairs 'Aere
developed on a basis which depended largely upon experimental verification of the choices made.

3.1 Hercules Wing Planks

The wi-ig planks are machined from solid blanks to give wing skins with integral reinforcing
ribs (Fig. 17). Internal wing structures, at a separation of about 450 mm. are riveted to the wing
plank ribs. Stress-corrosion cracks commonly initiate in the ribs at the rivet boles and propagate
along the ribs (parallel to the wing surace); the length of these cracks is regularly monitored.
Various repair schemes involving metal reinforcement brackets riveted to the ribs and wing
surface have been evolved but their application is very time-consuming and results in further
regions of stress concentration (around the loaded rivet holes and at the ends of the brackets
at the sudden change in section). Since essentially piane surfaces are involved, adhesive bondling
of the metal reinforcement would be superior to riveting. However, even for these simple repairs
it was economical to use BFRP, because of the small quantities required. Moreover. it was
considered that the experience gained would be of considerable advantage for more complex
future applications, where the abilities to mould BFRP into complex shapes and to tailor its
mechanical properties (by variation of fibre orientation), combined with its low density, could
be of paramount importance.

The patch thickness was chosen on the basis of restoration of tensile strength across the
crack: the patch thickness chosen exceeded the minimum requiremen:s by :about 30%.,. The
patches, 45 nim lung .-, 25 mm wide . ~-0.45 mm thick, were moulded from four layers of
pre-preg: the length in the fibre direction (25 mm) was governed by the height of the wing plank
ribs. Patches were bonded to both sides of the cracked ribs such that each crack tip was no more
than half way under a pair of patches; further pairs of patches (reduced in length where necessary)
were bonded to cover the cracked regions, where possible.

The assumption of pure tensile stress across the cracks is obviously an over-simplification.
In practice, the loading cycle likely to cause further crack propagation involves compression
along the length of the ribs, with a consequent tendency for buckling. This type of loading
would lead to a peeling stress being applied to the bonded reinforcement in the hbre direction.
The low stiffness of the patches transverse to the fibre airection could be an advantage with this
type of distortion, since the longitudinal peeling stress and the danger of local stress concen-
trations in the metal at the patch ends should both be reduced.

Compression tests were carried out to gain an indication of the ability of the composite-
patching technique to restore the original strength of cracked wing panels. Thiee specimens
(- 465 mm long and incorporating three ribs) were cut from a discarded ,ing plank (after ensur-
ing that these areas were free from cracks). Two of these specimens then had simulated cracks
introduced by spark-maching slots (-0.35 mm wide and 140 mm long) in all of the ribs. The
slots were located mid-way on the width of the ribs (corresponding to the normal position of
the cracks in the wing planks) and were centrally placed with respect to the specimen length.
Overload cracks were then introduced at the ends of all the slots to give total crack lengths
of - 150 mm. The length of the cracks and their location at the most critical region of the
compression specimens (the antinodal position) were chosen to simulate the worst case which
one would expect to encounter. BFRP patches were then bonded over the cracks in one specimen
(Fig. I Bc), the end pairs of patches were located so that the crack-tips were half way under the
patches, and the space in between the end patches was then filled in with other pairs of patches.
Woods-metal ends were cast on all the specimens and, finally, machining reduced the specimen
lengths to 455 mm.

Dial gauges were used to measure deflections at twelve locations during the compression
tests: the specimens, after testing, are shown in Figure 18. The relative behaviour of these panels
is typified by the sideways deflection of an outer edge of a rib above the centre of the crack (Fig.
19). The cracks seriously degrade the properties of the panel: the maximum load sustained is
reduced by -,300,h but very significant decrease in panel stiffness, with initial distortion occurring
at about 20% of that for an uncracked panel, is perhaps of even greater significance. However,
in similar tests, the behaviour of patched panels was essentially identical to that of uncracked
panels, within the accuracy of the test, the stiffness was the same, while the maximum load
was only 2- 5R-' lower. In addition, the patches did not debond during the test and, because there
is little strengthening from the patches at right angles to the fibre direction (i.e., along the length
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of the ribs), the general buckling beha,,our of the fibs of the patched panel %as ",er) similar to
that of the uncracked panel, with no evidence of stress concentration at the ends or the pat.hes
(Fig. 18).

Simple techniques had to be developed to allow the. patches to be acppi in the confincd
space within the Hercules wing. These included

(a) the use of a vacuum attachment to remove the abrasive during grit-blasting 3f the ribs.
(b) the application of the required pressure using hand-closed topgle clamps, and
(c) the use of sllicone rubber heating tapes both to supply the required heating and to act

as a compressible layer to help maintain the pressure during cunng of the adhesive.
Using this procedure patches have been applied to reinforce many ribs containing small cracks

(up to 25 mm from rivet holes) in one aircraft (Fig. 11) and, since then, NDI inspection has shown
no further crack-growth during one year of normal operation.

Quite recently, examples of long cracks were discovered in another aircraft; these cracks
were both about 280 mm long (extending - 140 mm either side of the ri-et hole-, and situated
in corresponding positions in each wing. One crack was repaired using the standard procedure
(Fig. 20) and the other using the fibre composite technique (Fig. 21,. The former required
about 5 man-days and the latter only I man-day. The repair of these two. e-.entially identical,
z-acks has given an ideal opportunity to compare subsequent performance of the two repair

schemes. particularly in thcse regions at the ends of the two repairs wherc far greater stre-;
concentration could occur with the standard repairs.

3.2 MNacehi La-ding ,heels

Problems have been encountered with cracking in service of magnesium alloy landing
wheels -a typical example being those of the Macc,.i trainer l-his is another :'tuation where

crack-length is carefully momtitored; wheels are normally discarded when the crack approaches

25 mm in iength; although wheels containing cracks many times this length have not failed
catastrophically-

The "hickness of the material in the cracked region is IS 15 mm. At the prt¢,ent stage of the

reinforcing art, reinforcement of such thick material would not normally have been contem-
plated since 'he a:ca available for bonding, and thus stress transfer into the patch, was rather
limited. Howvever, examination of the fracture surfaices showed that the cracks initiated at, or
close to. the outer surface of the wheel and then p--pagated far mor%. rapidly along the surface
than through the thickness. even a crack of - 170 mm surface length had not fully penetrated

the thickness of the wheel. Thus, the stressing situation was comparatively unusual in that the

tendency for the crack to open obviously decreased rapidly with depth of penetration. Under these
circumstances, the patching scheme was considered a feasible means of alleviating the problem.
Since the number of fatigue striations on the fracture surfaces was only of the order of a few
hundred, the failures were considered to result from high stress-low cycle fatigue with probably
no more than one cycle per landing.

The experimental approach taken was to machine specimens (approximately 120 mm i,

25 mm x 17 mm) from blocks of magnesium alloy supplied by the wheel manufacturer. Vee-

notches of depth 2-5 mm were machined across the 25> 12tx mm faces and the specimens
fatigued in tour-point bending until cracks - 25 mm long were produced from the notches.

The specimens were then machined to 14-5 mm thickness, to remove the Vee notches and to
leave flat surfaces couitining a sharp crack. A series of these specimens were then fatigue-
loaded (again in four-point bending) at 6 cycles/min. to establish the loading conditions which
would cause failure in about 400 cycles.

BFRP patches, 25 x 25 mm, were bonded onto the surfaces of two pre-cracked specimens
with the boron fibres transverse to the cracks. The first patch was made from three layers of
BFRP pre-preg. This specimen, when fatigue-loaded under the standard conditions for 1200

cycles showed no crack-growth. The load was then increased by 11% and a further 1000 load

cycles applied, after which only O1 mm crack-growth had occurred. The second spezimen
was reinforced using a patch made from two layers of BFRP pre-preg. Here, the standard
fatigue-loading conditions were applied for 3000 cycles, during which no crack-growth was
observed. Although, from these results, the thinner patch appeared adequate, the safety factor
was increased by using the thicker (3 layer) HFRP patches for reinforcing the wheels; the additional
cost per wheel is less than S1.
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Matched dies of mild steel were manufactured for production of patches with the three-
dimensionally curved surface required to match the surface contour of the wheels. Such steel
dies can be quickly and accurately made, particularly when numerically controlled machining
facilities are available, and are cost-effective when large numbers of identical patches are
required. However, cheaper means of making suitable dies are being investigated for applications
requiring more complex shapes or a limited production of patches. Recently a method of mould-
ing the patch directly from the surface of a similar component was developed; this technique
will provide great cost savings in future applications.

The pre-tormed patches were bonded to the wheels so that the ends of the cracks were
covered (Fig. 22). The composite and metal surfaces were, prepared by alumina grit-blasting
and degreased with MEK. When curing the AF126 adhesive, pressure was applied by clamping
a rubber-faced pad (contoured to the required shape); the boading temperature was achieved
by heating the whole assembly in a small oven.

One cracked wheel reinforced using this technique has been in service for several months,
during which time the aircraft has landed -500 times without further detectable crack-growth;
without the reinforcement, sufficient crack-growth %ould have occurred for the wheel to be no
longer serviceable.

4. CONCLUSIONS

This paper has reviewed a large part of the work directed towards using high performance
fibre composites for the reinforcement of cracked aircraft structures.

The two practical repair schemes which hqe been attempted, one being an alternative to
an existing procedure and the other a repaii ,hich could probably only be achieved using the
fibre composite method, have been very successful, from the points of view of both cost-
effectiveness and mechanical efficiency.

The undesirable residual tensile stresses introduced into the light alloy substrate during
the patching procedure, due to the mismatch of thermal expansion, do not appear to have a
major practical effect on the subsequent fatigue or stress-corrosion behaviour of the metal.
The problem of internal stress could be avoided if a suitable adhesive curing at room temperature
were available. However, of the adhesives examined, only those curing at high temperature
had the properties required for the repair application. The requirement of a simple surface
preparation for bonding, which is unlikely to encourage other problems such as stress-corrosion.
restricts the choice of adhesive even further and, of those examined, the most suitable is A F126.

Further work is needed to obtain maximum benefits from composite reinforcements. Arca:i
of' such work include design, behaviour of adhesive systems under various environmental
conditions and evaluation of new adhesives with particular emphasis on those with lwover curt .',•
temperatures.
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TABLE I

Advantage and Disadvantage of the Use of Carbon and Boron Fibre Reinforced Plastics (nonpared
to Metals for Patch or Reinforcement Mlaterlal

Properly fi' thLk'

High stilrnecs and fatigue strength Minimum patch thi.knck.,

Fnvironmental stability No necd to coat patch

Non-conducting (boron libres) No( danger olclcctrochcniu:ualk 11LmtiUcC cO rrITSion
of metallic compolnIIt

Low density Minimum weiht patc:h and mininlnuli hal;incc
dkturhancc on rotaling compllnewstt

Formability and tailorability of properties PatcheS with ColmiC, i.ur:c,, ;uId %,uitahlk orien-
tated propcrtic,, can hbe produced hy a simple
fikbricmlion tc.hnologz,

High material cost Limits use in large anmoun t not usually a prob-
lem with patches

Low expansion coefficient Can lead to undesirable tensile strc,,,,cs, in the
metallic component

Limited storage life of raw material May rcquirc refrigeration unless patches are pre-
formed

Conducting (carbon fibres) Can cause clectrochemical corrosion of metallic
4componcnt unless suitabl insulated
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TABLE 2

Materials Used for Fibre Composite Strips

Fibre

Composite Expansion Matrix Comments
Diameter Modulus Coefficient

ý,m GPa X 10-6 per
CO

CFRP 8 190 0.5 Epoxy Supplied as a sized warp
Shell 828/DDS sheet by Hyfil Ltd.,

U.K.

BFRP 100 390 5 Epoxy Supplied as pre-preg
Bloomingdale tape with the fibres
BP907 held on 25 /m glass

cloth by Hamilton
Standard. USA

BFRA 140 390 5 Aluminium Supplied as a mono-
Alloy 6061 layer sheet by AVCO
annealed Systems Division,

USA

TABLE 3

Adhesives Used mad their Curing Conditions

Code Type Trade Name and Supplier Curing conditions
and composition

A Ethyl-Cyanoacrylate White Label Ambient temperature set
Pearl Chemical Co., Japan (-4-12 hours at 40'C optional)

(one component)

B' Flexibilized Epoxy AY 106/HV953U 19 hours at 90*C
(Polyamide cure) CIBA Ltd., U.K. (100 pbw 106 to 80 pbw 953)

B Flexibilized Epoxy EC 2216 B/A 19 hours at 90'C
(Polyamide cure) 3M Company, U.S.A. (100 pbw base to 140 pbw hardener)

C Rigid Epoxy AYIO5IHY956 15 hours a* 100WC
(amine cure) CIBA Ltd., U.K. (100 pbw 105 to 23 pbw 956)

D Epoxy-Nitrile film AF 126 4 hours at 125C under a pressure
(supported with a 3M Company, U.S.A. of 0-35 MPa
Dacron fibre mat) (one component)
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TABLE 4

Details of Surface Treatments

Surface Adhesive Detailk
Treatment

Chromic Etch A. B' (a) Freon TF spray degrease.
(b) Alkaline clean in TURCO 4215, 10 minutes at 60- 70-C
(c) Tar water rinse 5 minutes.
(d) Deoxidisc in sodium dichromate ( 33 gm 1) sulphuric acid

(310 g 1) 15 minutes at 65 C.
(e) Tap %ater rinse 10 min.
(f) Dry 50-C

Chromic Etch, B. C, D) As above to stage (0) plus-
Phosphoric (a) Anodic treatment in phosphoric acid solution (90 gm 1) at
Anodise IOV for 25 m--utes.

Ib) Tap watcr rinse 15 minutes.
(u) Dry 50 C.

Grit blast C (a) MEK degrease.
(b) Alumina grit blast (50 •m grit).
(c) MEK degrease

TABLE 5

Strain Measurements and Estimated Effective Shear Moduli after Five
Minute Relaxation for a Number of Specimens

I

Adhesive Strip QtL mm GL GPa

A 7075 I 0-09 0"016 0"8
CFRP 0-07 I 0-022 0-7
BFRP 0 009 0 036 0-7
SBFRA 0.09 0o040 0-8

B' 7075 0.05 0.056 0-3

B CFRP O.11 0.400 0-2
BFRA 0.09 0-140 0.5

C 7075 0-09 0-012 0-8
CFRP 0-05 0.000 I-1
BFRP 0-11 0-019 1-0

BFRA O-11 0-023 0-9

D 7075 0.07 0.010 0.9
CFRP 0.09 0-007 1.0
BFRP 0.11 0-017 0"9
BFRA 011 0-022 09
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Regions I and 4 - Adherend A

Region 2 - Adherend B

Regions 3 - Adhesive

(b)

Fig. 1. Step-lap shear strength test specimen.
a. general view.
b. section of bonded region, cuts are made

along the lines A 8 after bonding.
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A
Strip width

2 mm Strip
Resistance (0.15 to 0.3 mnm thick)

strain gauge

Adhesive layer

42 mm Strip length
15 mm

A 'IZZ

7'7075 T6 Glass fibre stops
Loading A alumninium (0.07 mnm dia.)
position (1.5 mm thick) (a)

Rubber pads

Loading __________

position

Nb

Fig. 2a. Schematic illustration of CSC specimens showing
adhesive layer configuration

Fig. 2b. A CSC with a CIF RP patch after fatigue.
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I
Eno of strip

707.5 alloy strip

Adhesive layer .

CSC

Fig. 4. Micrograph of a 7075/A specimen fatigued at a nominal shear stress of ± 33 MPa.
showing pronounced W450 fatigue cracking close to edge of strip, tL = 0.05 mm

taper magnification x 3
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Fig. 7. Plot of 8 /es°eversus N for a B F R PID
specimen showing the effect of "repairs", at
stages indicated by vertical arrows, effected
by applying adhesive A to the patch area.
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Fig. 10-. Plots of stress intensity range AK (calculated from crack propagation
rates) versus crack length,a, for (a) unpatched specimens and (b),
(c), and (d) BFRP/D patched specimens. Nominal stress levels are
indicated on each plot. Dashed lines indicate the expected
relationships in the absence of the pdtch.
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Crack - tip 4 mm before patch

D Crack - tip under centre of patch

1 Crack - tip 4 mm beyond patch

Fig. 11. Schematic illustration of specimen used for
stress - corrosion studies showing the three
patch locations.
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Fig. 17. General view of underside of an upper Hercules wing plank showing examples of
BF RP patches bonded over cracks. The repair, second from left, shows the coating
of sealant (SR 1422A) which is applied after bonding.
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(a) (b) (C)

Fig. 18. Three test panels constructed from Hercules wing plank material after testing
under compression.
a. uncracked
b. cracked
c. cracked then reinforced with BFRP patches.

451



452



Li
a

C

0)

C

C

I.
I
U.

4"



CL

C-,

CL

(U

C14

(U

454.



(a)

Fig. 22 Macchi landing wheel.
a. general view showing location of typical crack.
b. SFRP composite patches bonded over ends of crack.
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DISCUSSION

QUESTION Grp. Capt. I- Sutherland
(R AAF)

Concerning the practical application of these natches. since simple aircraft repairs are
normali> not "desined" as such but rel-. on repla.ement of lost material, would it not be
possible to produce standardied ;cpair patches on a material gauge size basis?

Autbors' Reply

l)eign of the repair based only on the replacement of lost strength or stiffness in a cracked
component may not be adequate. particularl% if there is danger of serious failure should the
crack propagate out of the repaired region. In general, some verification of the patching-' •cheme
would be necessar, either experimentally, as for the two examples given in the paper, or
theoretiiall, based on the effective ,lrmss irntensity in the component and shear stresses in the

adhesixe la.•r
In a worn or corroded component, however, repuir based on the replacement of lost material,

on an effeclie gauk'e-,,ize basis, should be satisfactory The fibre composite rrsaterial is most
efficiently used for thi. purpose when repla:ing strength or stiffness in only one direction.
however, biaxial reinforcement can be obtained b) arranging the fibres, i1 the repair patch, at
%ariou, angles. The need to tailor the form and mechanicai propcrtie-s of the composite patch
tor each Ipe of repair nia• make the production of useful standard patches for a wide range of
repairs difficut.

Q.S•JTION--B. A. Parker
(.Monash Unii.r riy)

Bearing in mind what you said about the ease of application of patches by unskilled personnel.
are there any difficulties in ensuring the quality of the adhesive bond (i.e. control of regularity
and thickness of the adhesive film)?

Awars" Reply

It is most important that a very high level of cleanliness is maintained during the bonding
procedure and the , arrect materials are used. How-rver, we feel that the standards required for
btinding the patches could be attained by any reliable operator after limited instruction.

With a supporiei film and low-flow adhesive, such as AFI 26, there is little danger of locally
squeezing the adhesive out of any area. which would have regions with no bond. However, some
variations in the thickness of the adhesive layer probably do occur when pressurising with
Toggle clamps, as in the Hercules repair. These thickness vaiiations, while not desirable, are not
considered serious and must be -accepted to maintain the simplicity of the repair technique.

QUFS.TION-Grp. Capt. W. E. Soarmin
(RAAF)

Most of the patches displayed were of simple shape or large radius of curvature- What is
iti abilt) tiu miuoukl boU fibre patchcs to ccmpkcx shapes and small radius filkets?

Amthm' R",y

Boron fibres cannot be mouied to radii less than about 40 mm; however, carbon-fibre
composite patches can be moulded to radii of less than 5 mm and would therefore be a better
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alternative where patches with severe curvatures are required. Carbon-fibre patches would have
to be insulated from the surface of the metal, in most cases, to avoid the danger of corrosion.
A thin layer of glass-fibre reinforced plastic can be satisfactorily used as an insulating layer.

Patches with complex curvatures can easily be produced, provided the curvatures fall within
the limits stated. However, reinforcement of regions with fillets of very small radius would be
very difficult.

QUESTION-K. G. Conlan
(RAIAF)

What proced.,res do you recommend for establishing the quality of the bond:
(a) when the patch is applied, and
(b) later when the repaired component undergoes scheduled or unscheduled maintenance?

Authors' Reply

At this time, for both initial and subsequent inspections of the adhesive bond, a high
frequency eddy-current device has proved very successful. This technique, which was developed
by Mr. Glanvill of these Laboratories, gives a go or no-go indication of the condition of the
bond. Readings on the device are affected both by variations in adhesive thickness and by the
presence of debonds; however, an experienced operator can distinguish between the readings
from each source. The method used for the Hercules and Macchi patches is to be written up by
Mr. Glanvill as an inspection procedure for the RAAF.
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THE INFLUENCE OF THE WATER VAPOUR CONTENT

AND THE TEMPERATURE OF AN AIR ENVIRONMENT

ON THE FATIGUE BEHAVIOUR OF SAE 4340 STEEL

by

D. S. KEMSLEY

SUM MA R Y

Total fatigue lives, fatigue crack initiation and propagation lives, and fatigue crack

propagation rates of notched (Kt -- 315) SAE 4340 steel specimens under program

loading have been determined in air environments having 45 diffe'rent water vapour content!

temperature combinations. Fort r-three of these involved unsaturated (less than /000/' RH)

conditions.
The maxitna in total if' and initiation and propagation lives, and the mininunn

crack propagation rate, did not occur in vert, dry air, but at 3"1', to 50%, RH at 10°0C

to 40'C re.vpectivel. (i.e. from 40'C to IOf°C and water vapour contents of 20 to 30g

per kg of dr'r air). These results are not in conflict with previous work.

As the temperature oj'air of constant water vapour content is lowered, and the con-

ditions changEe from an unsaturated to a saturated (/001";, RH, 'fog") environment, a
marked reduction in fatigue life occurs. This is due to the combination of a decrease in

crack initiation li/i, and a large increase in the rate of crack propagation.

These ef'fet.v mar be interpreted as being due to the production of various hydrogen

contents in the specimtens because of the various environments, and consequently as

diffi,rences in the fatigue beha viour of various SA E 4340/h ydrogen "allors". Thý bearing

of the results on the. common concepts of "corrosion fatigue" and "atnospheric

corrosion fatigue" is discussed.
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I. INTRODUCTION

An environment of air saturated with water vapour results in a marked increase in fatigue
crack propagation rate and a decreased fatigue life of ultra-high strength steels compared wsith
the corresponding values in an unsaturated air environment at the same nominal temperature. ' '

However, the effects of %ariations in the humidity and temperature of unsaturated air on
fatigue behaviour are not at all clear. On the one hand, higher water vapour content has been
associated by some workers with a faster fatigue crack propagation rate' 6 or shorter total
fatigue life, - 'i while in the case of other workers, no effect has been observed, or was only
sometimes present.n " Only one of these studies"' concerns high strength steel in an air
environment of more than two water vapour contents, but it was limited to a single measured
temperature of 25 C.

Again, the possible effects of humidity on fatigue crack initiation have apparently been
neglected to date. Published experimental evidence is therefore insufficient to conclude that
incoeasing water vapour content of air is always detrimental to fatigue life; in particular, the
possible effects of such enwironmental variations on the fatigue behaviour of ultra-high strength
steels are virtually unknowsn. The work to be descnbed, involving 45 different water vapour
content temperature combinations, provides some information in this field.

2. EXPERIMENTAL.

2.1 Nlaterials and Specimens

Keyhole-notched (K, 3-15) fatigue test specimens of the form shown in Figure I were
nmanufactured from SAL 4340 nickel-chromium-molybdenum steel of the following average
composition: 0-41,, C, I -75°', Ni, 0-840°, Cr, 0-23%1," Mo. The specimens were rough machined
to approximately I '25 mm oversize and then heat-treated to the following schedule. austenitize
at 8!6 - 14 C, quench into warm circulating oil at 38 to 60 C. and temper twice at 355- 5C for
one hour. Specimens were then finished machined. The curved plane surfaces of the test section
,ere polished longitudinallk to a 600 grit finish, following which the two holes for the stress
concentrator were drilled and reamed using high-speed steel drills and solid carbide reamers.
and the connecting slot spark machined. Finally, a light 600 grit longitudinal polish was
employed to remove any burrs developed during the machining of the keyhole notch.

The heat-treatment resulted in the following average static tensile properties: ultimate
tensile strength. 1570 MPa', 0- 1%,, proof stress. 1425 MPa: elongation, 840,.

2.2 Load Conditions

Each specimen was tested under repeated tension in a Losenhausen UHS 20 hydraulic
pulsator using the four-stage program loading sequence illustrated in Figure 2, commencing
with the lowest load range of the program. Most specimens were tested at a rate of 1-25
programs per hour, the remainder being tested at 0-8 programs per hour.

Under the particular machine control conditions used, the cyclic wave form was triangular
(saw-tooth), with a faster rate of unloading per cycle than of Ic iding. In a given test, the rates
of loading and of unloading were constant during cycling at ti 1 of the four load levels in the
program. Consequently, the cyclic frequency depended on th )ad level within a program,
and on the rate of program load application, as shown in Tabi
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TABLE I

Cyclic Frequencies and Rates of Loading During Tests

Rates of loading
Rate of program and unloading in Cyclic frequency in each load level (Hz)

load application each cycle
(programs/hour) (M Pa/sec) Level Level Level Level

1 2 3 4

loading unloading

0.8 290 1580 0-7 0-5 0-4 0.3
1-25 495 1580 1.1 0.7 0-6 0-5

Average cyclic frequencies at 0-8 and 1-25 programs per hour were 0.6 and 0.9 Hz
respectively (2,594 cycles, i.e. I program, in 75 and 48 minutes respectively).

2.3 Environments

Air at constant pressure can contain water as vapour in amounts up to a saturation value
which depends markedly on temperature. This dependence is shown by the saturation (100%
relative humidity (RH)) line on the psychrometric diagram"' for standard pressure (Fig. 3), in
which all environments to the right of this line are unsaturated, and those to the left represent
saturated ("fog") conditions. Curves representing any desired RH of unsaturated air may be
constructed, those for 40, 10 and I1, RH being also shown on Figure 3.

At constant pressure, it is apparent that any two of the three variables, viz. water vapour
content, RH or temperature, must be known if a particular environment is to be accurately
defined and located on the psychrometric diagram. The specification of one or more RHs without
the corresponding temperature or water vapour content does not permit meaningful compari-
sons between environments to be made.

In the present work, both the RH and the temperature of the air inside an environmental
chamber which surrounded the specimen were monitored and controlled during each test. The
test environments, including two in saturated air, are shown in Figure 3.

Specimen temperature was maintained to within 4 I`C throughout each test in unsaturated
air by means of a small electrical heating coil around the specimen test section. The coil had
widely spaced windings to allow free access of the environment to the stress concentrator. The
relative humidity of the air in tests involving unsaturated air was maintained by means of a
heated water bath through which initially dry air was continually bubbled at constant rate;
RH (or water vapour content) was controlled, within the limits indicated by the length of the
vertical line at each environmental point iii Figure 3, from a humidity sensor by feedback control
to the heater in the water bath.

The saturated air environments were produced by increasing the water bath temperature
and rate of airflow sufficiently to provide condensing conditions at the specimen at.the tequired
specimen temperature. The heating coil, although present, was not electrically connected in
these environments.

The dry air used in all tests was commercial "medical dry breathing air" conlaining less
than 25 parts of water vapour per million parts of air (less than I g water vapour per kg of dry
air). This was supplied in standard compressed air cylinders which were connected to the environ-
mental chamber by flexible hose through pressure-reducing valves and a flow-meter.

2.4 Observations

One specimen was tested under each of the environmental conditions in unsaturated air,
and three under each of the two saturated conditions. Each fatigue test was terminated by
complete fracture of the particular specimen, and the total life in programs was recorded.

The fracture surfaces of all specimens tested in unsaturated air exhibited well-defined
program markings (Fig. 4a). The fatigue crack propagation lives in such tests were determined
by counting these markings on enlarged ( 20) photographs of the fracture surfaces from the
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final markings of the most etensix, crasAk backwardb to hithin a standard actual distance of

0I mm from its origin. (Markings in the immediate vicinity of the origin were insufficiently

delineated on the fracture surfaces to permit an accurate count-back to smaller crack lengths.)
The fatigue crack initiation life was then obtained a, the diffcrcnoc bct,.en the complete fatigue
life and the number of programs counted on the fracture surface.

Measurements were made of the crack depth corresponding to each program marking
of the longest crack in those thirteen specimens (I-25 programs per hour) in which the fatigue
crack front had extended to the full width of the test section ("through" cracks). From these,
the crack propagation rate per program, dadN, was obtained. The corresponding stress

intensity factors. K. were calculated using Newman's stress analysis for radial "through" cracks

emanating from a circular hole in a rectangular plate. , Curves of da dN against AK were then
plotted using linear regression analysis, from which the crack propagation rates at a stress

intensity range of 50 MPa ml were determined.
The nominal failing stresses of each of these specimens was calculated from measurement

of the area of final failure and the record of the particular load stage at which that specimer.

had failed (assuming that failure occurred in each case at the maximum load of the stage
concerned, and not while the load was increasing to that maximum).

The fracture surfaces of specimens tested in saturated air (Fig. 4b) showed no program
markings, and were generall. much rougher than failures in unsaturated air. Nevertheless. a
region of fatigue crack propagation could be clearly distinguished from that of final sudden

failure, and in some cases faint markings were also present.

Hydrogen determinations by hot extraction under vacuum were made on twelve unsaturated

air (I -25 programmes per hour) specimens selected to cover the range of environments studied.
Scanning electron microscopy was employed on 17 specimens, as indicated in Figures 5a and 5b,

to ascertain to vshat extent, if any, intercrystalline failure was present.

3. RESULTS

3.1 Unsaturated Air

3.1.1 Total Fatigue Lives

The total fatigue life of each specimen is indicated in Figures 5a and 5b for 1.25 and 0.8
programs per hour respectively by the numerals against the corresponding environmental

points.
A grouping of the unsaturated air results at I -25 programs per hour into three tempera-

ture and three water v-pour content ranges was made. A statistical analysis of the resulting nine

groups of data indicated that fatigue lives as a function of both temperature and water vapour
content are significantly different at the 2. 5%, level between corresponding groups and that there

is no interaction between temperature and %hater vapour content over the ranges examined. The

effects of these two variables therefore appear to be independent of each other.

Hence, the total fatigue lives in unsatursted air are dependent on both water vapour content

and temperature. The general correlation may be described by contour lines of constant fatigue
life, for example those at 20-program intervals which have been superimposed on Figures

5a and 5b. Although these contour lines must be regarded as indicative rather than exact with

the currently available results, and although the maximum attainable total fatigue lives are not
known, it can be seen that similar regions of relatively high total fatigue life exist at each rate of
program load application. (This general similarity may extend to the more detailed shapes of
corresponding contours, which have therefore been matched purposely despite the absence of
experimental data in some areas). The regions of high total life involve relatively high water
vapour contents (20 to 30 g water vapour per kg of dry air), and temperatures in the range
40TC to 00°C. It should be noted that, at both rates of program load application, the total

fatigue lives in the driest environments (less than I g per kg) were only approximately 50% of
the maximum totai lives observed.

Total fatigue lives at 0.8 programs per hour may be somewhat less than at 1-25 pro-

grams per hour under identical environmental conditions. However, the relative paucity of
results at the slower rate precludes a definitive conclusion.
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3.1.2 Lift to Crack Initiation

Figures 6a and 6h sho%, these results, and contours of equal crack initiation life, for I -25
and 0-8 programs per hour respectively. It %kill be seen that the life, environment relationship
for crack initiation i, similar to that for total life, i.e. crack initiation life is significanth, greater
in an environmcntai region of relatively high water vapour contents and temperatures than in
very dry or much "wetter - air.

Calculation of the ratio of crack initiation life to total life in the various unsaturated air
en'ironments at the two rates of program loading shows that this ratio is more or less constant.
averaging 0-64 at each loading rate. with standard deviations of 008 and 0-11 at I -25 and 0-8
program,, pcr hour respectisel,..

3.1.3 Fatigue Crack Propagation Lives

Fatigue crack propagation h-es are plotted it, Figures 7a and 7b, together Aith contours of
equal life. Note that in this instance the contours are at 10-program intcrval,,

Although a somehat similar dependence on environment to that for total and crack
initiation lises seems to exist, the absolute differences in crack propagation life are less marked
than those in total life or crack initiation life.

3.1.4 Fatigue Crack Propagation Rates

Crack propagation rates (1im per program) at a stress intensity range (AK) of 50 MPa m'
are plotted in Figure 8 for thow specimens in which the cracks extended the full width of the
test section. Although a relesant stress analysis method ssas available for only this crack front
shape, it is neertheless apparent that the rate of fatigue crack propagation is least in the same
ensironmental area in sshich total life and crack initiation and propagation lives are greatest.
and that it is greatest in both the \er.6 dry and the highest water sapour content environments.

3.1.5 Failing Stresses

The nominal failing stresses of those specimens for which fatigue crack propagation rates
.%ere obtained are shoskn in Figure 9. It appears that failing stress may be dependent on both
water vapour content and temperature, although not in the same wa,. as other properties. In
general. the failing stress appears to increase with increasing water vapour content.

3.1.6 Hydrogen Determinations

The hydrogen contents of all samples analysed were not statistically different from each
other, and lay w.ithin the range 0-25 to 0-50 ppm. The analyses were not undertaken for some
months after testing. and no special precautions were taken in storing the fractured specimens
during this period. Since hydrogen is known to diffuse through steel at room temperature at an
"appreciable rate.' - it cannot be discounted that the hydrogen contents of the various specimens
may have ditTcred at the time of fracture.

3.1.7 Scanning Electron Microscopy

All except three of the specimens examined (see Figures Sa and 5b) showed only trans-
crystalline fracture in the fatigue-cracked region. However, one specimen tested at 1.25 and
two at 0-8 programs per hour also exhibited well-defined (30",, to 50X.,) intercrystalline
cracking in the high-load bands, the remainder of each fracture being transcrystalline. These
three specimens are identified in Figures 5a and 5b by circles around t. asterisks.

3.2 Saturated Air

The total fatigue lives for the six specimens tested under saturated air conditions were 9,
10 and 12 programs at 25 C and 7. 9 and Il programs at 30'C. The corresponding mean
total lives are 10 and 9 programs respectively, and are not significantly different, Taking the
total life in very dry air (46 programs, Figure 5a) as unity, the presence of droplets of water
"on the test specimen surfaces has therefore reduced the total life to 0-2 of that in very dry air.
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3.2.2 Fatigue Crack Initiation and Propagation

Assuming that the faint markings present on the fractured surfaces represent changes in
load level ssithin one program, it appears that the fatigue crack in each of these specimens
has propagated completel, in less than one program. This should be compared with the crack
propagation life of I I programs in very dry air (Fig. 7a).

The crack initiation life is therefore some 90",, of the total life. Although this is a much
higher ratio than the corresponding %alue in very dr) air (76",), the absolute value of approxi-
mately nine programs is significantly lower than in any of the unsaturated air environments
(Fig. 6a).

4. DISCUSSION

4.1 Saturated and Unsaturated Air Environments

Higher fatigue crack propagation rates and decreased total fatigue lives of ultra-high
strength steels in a saturated compared with an unsatura-ed air environment at nominally constant
temperature have been observed by others. 3 The present work extends ihese observations to
two environments of constant water vapour content at various temperatures. In particular, at
1-25 programs per hour (see Figures Sa, 6a, 7a), the approximate ratios of average total,
initiation and propagation lives in saturated air to the corresponding maximum observed values
at the same water vapour content in unsaturated air arc in the vicinity of 0-05 to 0'2. Fatigue
crack propagation rates are consequently approximately 5 to 20 times greater in saturated than
in unsaturated air of the same water vapour content.

These ratios demonstrate the marked detrimental effect of water in air when present as
droplets, particularly on fatigue crack propagation behaviour, compared with an air erviron-
ment containing the same concentration of water but entirely as vapour.

4.2 \Water Vapour Content and Temperature of Unsaturated Air

I he water vapour content and the temperature of an unsaturated air environment each
influence the faticue behaviour of SAE 4340 steel independently under the testing conditions
emploed. A region of ".ater sapour content and temperature exists in which the total fatigue
life and its components (crack initiation life and crack propagation life) each exhibit a maximum
and the crack propagation rate (at constant stress intensity range. .1K) reaches a minimum.
That is. the fatigue lives are shorter and the actual crack propagation rate is faster in very dry
and in relatively -\wet" unsaturated air than in air of intermediate water vapour content tat least
at 1-25 programmes per hour).

Dahlberg' and Neu and Fletcher4 found that at "room" temperature, the fatigue crack
propagation rate of SAE 4340 steel increased as the RH of a nominally constant temperature
air environment changed from "'dry" to approximately 10",, and then to approximately 80",,.
A similar result was obtained at 25 C for SAE 4140 steel." ' The present results are not in conflict
with these earlier findings. ho\ever, since the present experiments did not specifically include
the environmental conditions used by these other investigators.

It is highl) unlikely that the observed dependence of fatigue crack propagation oi environ-
mental conditions in unsaturated air is associated with capillary condensation of liquid water
(as has been suggested elsewhere for crack propagation under static loading at 27'C and above
approximately 60",, RH ' 4). The direction of the effect up to the water vapour content which
gives maximum life is the opposite to that which would be expected, and also the rate of crack
propagation and the fracture appearance in saturated air (when iiquid water is known to be
present) are entirely distinct from those in unsaturated air, even at water vapour contents greater
than the optimum.

4.3 Possible .Mechanism of Observed Effects

Atomic hydrogen is produced when iron is in contact with liquid water, and it can diffuse
interstitially through iron and steel at room temperature. i" The rates of production and dif-
fusion depend greatly on deformation of the metal by abrasion or cold work before and during
such contact.1 -z. Hydrogen so produced may lead to hydrogen embrittlement, to which
SAE 4340 steel is highly susceptible.14

- 29 Hydrogen embrittlement is more marked the lower
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the strain rate. 30 In addition, the fatiguc life of this material is significantly reduced and the
fatigue crack propagation rate increased by contact with water as liquid or as water vapour in
air at relatively high RHs, and by processes which also produce hydrogen embrittlement (e.g.
electrolytic charging and cadmium plating). Hence all of these effects on fatigue have been
attributed to the presence of hydrogen in the material." 1-"

In the present experiments, all variations in fatigue life and fracture characteristics are
directly associated with variations in water vapour content and temperature, and similarly
may be attributed to the presence of hydrogen in the specimens, derived from chemical reaction
between the steel and water present as vapour only (unsaturated air) or as vapour and liquid
(saturated air). The actual hydrogen content of a particular specimen during a test would thus
be determined by the particular constant environment In which it was being tested, each resulting
steel-hydrogen "alloy" then exhibiting its own particular response to fatigue. In the present
experiments, the basic fatigue properties of hydrogen-free SAE 4340 steel in air at a particular
temperature would be most closely approximated in the lowest water vapour content environ-
ment at that temperature. The maxima in fatigue properties probably reflect an environmental
region in which the hydrogen content is an optimum (cf. similar optima of other interstitial
alloying elements such as carbon and nitrogen in their effects on mechanical properties).

Although the common mode of fatigue failure in steels tested in either hydrogen or air is
transcrystalline, a significant proportion of intercrystalline fracture is also sometimes present.
The current explanation for this phenomenon is that intercrystalline fracture appears in signifi-
cant amounts when the calculated diameter of the reverse yield plastic zone is equal to the prior
aus!enitic grain size.34 ,3 3 If this were the case, and assuming that the various environments in
the present experiments give rise to various hydrogen contents in specimens during testing,
then the observations of significant intercrystalline fracture reported here suggest that the size
of this zone may depend on the hydrogen content of the steel and on the strain rate (cf. Ref. 36
for copper-beryllium alloys), being smaller at greater hydrogen contents and faster strain rates.
It should be noted that in the present work intercrystalline failure is not associated with reduced
fatigue performance, and that to interpret its presence as evidence of a detrimental environment
would be incorrect.

4.4 Present Results and "Corrosion Fatigue"

It is commonly accepted that "corrosion and fatigue are mutually associated, and that
fatigue is accelerated, and occurs under lower stresses, when the conditions tend to promote
corrosion", and also that "the atmosphere, as well as fluid reagents, may act chemically upon
the metal".-,"

The present results do not fit these generalisations readily. Conditions which would "tend
to promote corrosion" in unsaturated air are increases in the water vapour content and/or the
temperature, and one ,would therefore expect that the fatigue life would decrease with increasing
water vapour content and temperature. In fact, however, increases in these variables (at least
up to the optimum values) are associated with inwreases in fatigue life.

It is therefore of some interest to re-examine the origins of the accepted views on "corrosion
fatigue". and "atmospheric corrosion fatigue" in particular. Haigh's original paper 37 was
concerned with the effects of various corrosive media on the fatigue of brasses. He found that in
several cases, corrosive environments reduced the fatigue lives of the different brasses to less
than that in air at corresponding stress levels, but that the lives were unchanged in other cases,
and in one circumstance (dilute hydrochloric acid on naval brass) they were actually increased
compared with those in air. Since in this last case there would have been very little corrosion,
Hlaigh reached the generalization reported above by arguing that in this instance, air must have
been a more corrosive environment that dilute hydrochloric acid. This is the origin of the concept
of "atmospheric corrosion fatigue".

Subsequently, many more examples of various metal/corrosive combinations in which the
fatigue life is greater than that in air have been reported, and all have been taken as further
evidence for the more corrosive nature of air.'"'3 " They include 0.33%", C steel in a sodium
chloride solution at 96'C (6% increase in fatigue limit)," and lead in acetic acid (an increase of
at least 75,),4 .j In the latter case, the specimen surfaces were described as "deeply corroded".

As early as 1929, Haigh noted that "using chemicals which might be expected to provoke
chemical action, the author has often been surprised to find that a bencflcial rather than a harm-
rful result would follow". He therefore modified his original statement on the mutual influence of
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corrosion and fatigue reported above to the following: "the conjoint action of a chemical reagent
and an a!ternating stress may he much more dangerous than either alone". He went on to
deplore 'he use of the term "'corrosion fatigue" (which had recently been introduced by McAdam' 2 )
as ill-chosen and quite misleading"." -

Ulnfortunatelý, hosever. neither Haigh nor others such as Gough and Sopwithl" appear
to have considered the possibility that the reported increases in fatigue life over that in air on
which the whole concept of "atmospheric corrosion fatigue" is based need not be interpreted
as indicating that air is more detrimental than those other environments. They may equally
well be taken as evidence that those environments are benelicial compared with air. The latter
interpretation is more readily applicable to the present results.

The fact that although many environments are detrimental, some are beneficial to fatigue
life when compared with air - in the present case, very dry air -should stimulate the search for
other beneficial en,,ironments. and for strengthening and weakening mechanisms.

5. CONCLUSIONS

(i) Both the water vapour content and the temperature of an air environment Influence

the fatigue lives of SAE 4340 steel specimens.
(ii) Within the environmental limits investigated, the total fatigue lives in unsaturated

(less than 100M,, RH) air were approximalely twice as long in an intermediate region
as in very dry air or air of the highest RH. This intermediate region is approximately
40 C to 100 C, and 20 to 30 g water vapour per kg of dry air. These enhanced total
lives involved crack initiation lives approximately twice, and crack propagation rates
approximately half, those in the driest or "wettest" unsaturated air environments.

(iii) Total fatigue lives may be 20 to 25",, lower at 0-8 than -t I 25 programs per hour
under essentially identical environmental conditions.

(iv) A marked reduction in total life to only 101,, of the maximum life occurs in air of
constant water vapour content as conditions change from an unsaturated to a saturated
state due to lowering of1 the temperature. This reduction is associated with a decreased
crack initiation life (20",, ol' the maximum in unsaturated air) and Ln increased cratck

propigation rate (estimalcd at ipproximately 30 times the unsaturated air minimum).

(sI fhe present results ma' he explained in terms of a hydrogen."alloying" phenomenon,
in which the h)drogen content of an individual specimen would be determined by the

valer vapour cointent and temperature of' the particular environment in which it was
being tested. The ohsersed maximum fatigue lives and minimum fatigue crack
propagalion rates ma, occur at an optimum hydrogen content.
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DISCUSSION

QUESTION--D. Al. Turhi'
(MRL)

For a given set of testing conditions, what is the reproducibility of your results?

Author's Reply
In saturated air, the total fatigue life has been found to vary by not more than two pro-

grammes either side of the mean in three tests under each of two separate environmental
conditions (see Figure 5a). In later tests on D6AC steel specimens at 35°C in both saturated
and very dry air, in which five specimens were tested in each of these two environments, the
standard deviations were 0.05 and 0.04 for log mean lives of 19 and 59 programmes respectively.
The effects reported in the paper may therefore be taken to be far in excess of overlap ill scatter.

QUESTION--N. T. Goldsmnith
(A RL)

In referring to fracture modes the term "intergranular" has been used. I take it that this
refers to the prior austenite grain boundaries in the steel.

This then raises the question as to why the crack chooses this "intergranular" path, and
conversely, what the. actual path is when the crack follows a "transgranular" path.

Secondly, do the "grain" facets appear absolutely smooth, or do they show evidence of
microscopic ductility being present as the crack grows through the metal?

Author's Reply
In the paper (Section 4.3, paragraph 3), 1 noted that intercrystalline fracture is believed to

appear in significant amounts when the calculated diameter of the reverse yield plastic zone is
equal to the prior austenitic.grain size, and I then attempted to associate this with the present
observations. No specific features of the transgranular paths, or evidence of microscopic ductility
on the intergranular facets, were evident.

QUESTION-Neil E. Ryan
(A RL)

Dr. Kemsley, your presentation of the way a number of interdependent environmental
factors influence fatigue life, particularly the interrelation between temperature and water vapour
(or pressure) is indeed most challenging and thought provoking. Analysis of such data is, however,
open to a multitude of speculative interpretations. To add to this speculation, I would venture
to suggest that we could possibly start with the proposal put forward, at this symposium, by
Dr. Lynch: namely, that crack growth processes are accelerated by the adsorption of various
environmental species. Thus, in the case of liquid water we have only to contend with the
alsorption of liquid water and its temperature dependence. While in the case of gaseous water-
air mixtures, we have the competing processes for oxygen or gaseous-water adsorption, without
any need to consider possible surface reactions leading to the formation of atomic hydrogen.
Then, if gaseous water behaves in a manner analogous to that exhibited by hydrogen we are
faced with interdependent and synergistic temperature and pressure dependencies, again without
even having to consider the complications arising from competition with oxygen adsorption.
With such a wide number of interdependent variables, the task of systematically determining
the way in which environmental factors either increase or decrease fatigue life is indeed formidable.
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1. INTRODUCTION

Miyata, Horisawa and Tashiro' bonded aluminium foils to fatigue specimens and showed
that the integrated intensity of the 511,333 X-ray diffraction line from the aluminium foil had
increased after fatigue testing. It was found that the intensity of this diffraction line depended
on the number of cycles and the stress amplitude. They also used resistance-type fatigue gauges,
and concluded that the integrated intensity could give a more sensitive measure of fatigue
damage in the specimen.

Miyata el aL used test dala to construct curves of constant integrated intensity for various
load amplitudes and numbers (,f cycles for a particular set of test conditions (material, component
geometry, test parameters, etc.). These curves were found to be closely parallel to the S/N curve
(Fig. I) and it was proposed that the integrated intensity from the foil could serve as a meastire
of the approach of the sr.cimen to its S/N curve, i.e. to failure. In the practical situation, a
component, with foil attached, was subjected to fatigue loading and when assessment was
required the foil was removed and the integrated intensity of the diffraction line measured. The
calibration curve for this particular integrated intensity was then prepared by interpolation.
The number of cycles which could still be sustained by the component at some particular load
level was then determined by plotting the horizontal line corresponding to this load level and
reading o1" the number of cycles between the points of inrtersection of this line with the calibra-
tion curve and the S/N curve. Such a calculation can be made for any load level, regardless of
the previous load history. For a variable load spectrum, they estimated upper and lower limits
for the remaining life, corresponding to the maximum and minimum stress levels, respectively.
This procedure implies that the foil can record damage for a variable load spectrum. In the
service example they quote, for a rear axle shaft assessed after 5000 km under rough road con-
ditions, they predicted a total life of II 000-13 000 km for the left axle and 20 000-24 000 km
for the right axle. These figures compared with an estimate of 45 000 km using Miner's rule.
The actual lives of the axles are not clear from the paper but are simply reported as being in
the range 10 000-20 000 km.

The investigations at ARL had two objectives: (a) to determine the reasons for the change
in integrated intensity and (b) to assess t*,.-i technique as a monitor of fatigue damage, particular-
ly as applied to aircraft. The increase in integrated intensity seemed most likely to be caused
by changes in preferred orientation or texture, although grain size and line-broadening effects
were also considered. Details of the texture investigations are described only briefly here and
will be fully reported elsewhere.

Another fatigue gauge has been recently described by Dally and Panizza 2
,'. This gauge,

which consists of a thin film of polymer loaded with graphite flakes, measures fatigue damage
as a decrease in electrical resistance. The gauge appears to be more sensitive than other fatigue
gauges considered in this paper, but a detailed comparison has not yet been made,

2. EXPERIMENTAL

The Japanese workers used mild-steel fatigue specimens and in our earlier experiments
mild-steel carrier specimens were also used. In most of our experiments, however, an aluminium
alloy, 7075-T6, was used ais the carrier specimen since this is more relevant to aeronautical
applications. Qualitatively, the integrated intensity changes in the aluminium foil were the
same for mild-steel and aluminium-alloy carriers,

The nluminium-alloy fatigue specimens were prepared by polishing on 600 grade wet-
and-dry paper and deoxidising for 15 minutes at 65"C in a solution consisting of 32,8 g sodium
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dichromate, 164 ml sulphuric acid and 1000 ml water. This treatment was found to improve
the adhesion during fatigue tests.

The aluminium foil used is a commercial product 101tm thick and is manufactured by a
combined rolling and annealing process, full details of which are not available; the foil, although
soft, is not fully annealed. One surface of the foil is much smoother than the other, apparently
as a result of a pack-rolling process during manufacture. The rolling direction (RD), to which
we refer at various points in the text, is apparent from roll marks on the surface of the foil.

Most of the experimental results were obtained from foil kindly supplied by the Mitsubishi
Company of Japan (foil A). This foil meets the Japanese standard JIS H4191-1954 and the results
should therefore be comparable with those of Miyata el al. Early results were obtained from foil
of unknown origin (foil B) and some isolated results were obtained from foil kindly provided
by Alcoa of Australia. The latter foils did not meet the Japanese Standard as regards purity, as
their (Fe I Si) content exceeded 0.71,,, but the three foils gave similar results and the choice of
foil did not seem to be critical.

Foil specimens in the form of 10.i20 mm rectangles were cut using a guillotine and were
then deoxidised for five minutes in the dichromate solution. Early tests performed with smaller
foils gave too much scatter in the integrated intensities.

To apply the foils, a drop of cyanoacrylate adhesive (Permabond N102-Pearl Chemical
Company, Japan) was placed on the fatigue specimen. A foil was floated on the adhesive, located
in position, and then pressed down with a glass plate covered with thin Mylar. Metallographic
sections showed the resulting adhesive layer to be one third of the foil thickness, i.e. about 3 ,rm.
The foils could be stripped off after soaking for 12 hours in dimethylformamide.

The integrated intensity measurements were made with a Philips PWI050 diffractometer
using a proportional counter detector, a 20 incident beam and a I mm. receiving slit. The foils
were supported 'on a taut sheet of 5 itm Mylar stretched over the bore of the specimen spinner
and a beam trap was used to eliminate extraneous back-scattered radiation. The 511,333 diffrac-
tion line from copper K& radiation was measured with the detector fixed at 162' and with the
specimen held perpendicular to the incident beam.

To check the effect ofaccidental damage to foils during preparation, mounting and removal,
a foil was wrapped around a pencil and then flattkned; the diffraction line profile and the inte-
grated intensity were unaffected.

A pole figure displays the distribution of normals (or "poles") of a particular set of crystal
lattice planes relative to specimen-based co-ordinates, using stereographic projection, and
offers an experimentally convenient way of presenting information about preferred orientation
in a specimen. For our texture studies, pole figures were prepared using the Schulz technique 4

with copper radiation. The pole figures were recorded out to 70' from the normal to the surface.
No corrections were applied for absorption or defocusing because these are the same for all
foils and are small for angles less than 40'.

Transmission electron microscopy was also used to study the aluminium foil. The foils
were thinned by polishing in a solution consisting of 20% perchloric acid, 70% ethanol and 10%
glycerol, the polishing cell being operated at 15 V and about -- 20"C. The window method was
used but, in order to obtain uniform thinning over reasonable areas, it was found advantageous
to mask the smooth face completely until the foil first perforated. The masking lacquer was
then removed, a narrow strip reapplied around the edge, and thinning continued in the usual
way. As a result, the foils examined in the electron microscope always came from very close to
one surface of the original foil.

3. X-RAY DIFFRACTION MEASUREMENTS

3. 1 Reversed-Cycle Fatigue

Foils were applied to constant-stress fatigue specimens of the 7075-T6 alloy, shaped as in
Figure 2. These specimens were loaded in an electromagnetic reversed-bending fatigue machine
which operated at 50 Hz. Two foils were mounted on each specimen, one with the rolling direc-

tion of the foil parallel to the direction of the applied fatigue stress and the other, perpendicular.

3.1.1 Diffraction Line Intensities

Integrated intensities of the type A foils were measured aflter cycling carriers at three levels
(rf ,firain amplitude (Fig, 3). The intensity increased monotonically with the number or cycles
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and reached a constant level after approximately l05 cycles for a strain amplitude of 0.002;
this saturation has not been observed in the tests so far performed at the lower strain amplitudes.

3.1.2 Preferred Orientation

Transmission photographs were taken of the I I I and 200 X-ray diffraction rings from all
the foils used to plot the 0.002 strain amplitude curves in Figure 3. Copper radiation from a
0.4 -8 mm focal spot was used with a I mm collimator and a 30 mm film-to-specimen distance.
The rings from the unstrained foil (Fig. 4a) show well-developed preferred-orientation arcs. As
cycling proceeds, the density of these arcs decreases and new arcs are formed. The density of the
new arcs increases with the number of fatigue cycles up to 14. 2 x 10' cycles, beyond which there
is no further significant increase. The positions of the new arcs depend not on the number of
cycles, but only on the direction of loading relative to the rolling direction.

3.1.3 Grain Size

The rings in Figure 4a have the sharp spots indicative of annealed material. After cyclic
loading to 10' cycles, the diffraction spots are small, but still sharp, and little further change
occurs up to 9 . l0' cycles.

A microfocus tube with a 10;Lm focal spot was used under similar experimental conditions
to examine the diffraction spots more closely. Figure 5 shows portions of the rings which have
been optically enlarged by a factor of 2. The unloaded foil (Fig. 5a) shows large, sharp spots;
after lo0 cycles most of the large spots have broken up into smaller sharp spots. After 9 x l0'
cycles there is a range of spot sizes and it appears that the arcs in the original positions have a
finer spot size than those in the newly-formed positions.

3.1.4 Line Profiles

Diffractometer traces were taken of the 511,333 line with copper radiation; no change in
broadening was detected in foils after 9,, 10" cycles at a strain amplitude of 0.002.

3.1.5 Pole Figures

In order to study the effect of fatigue cycling on texture, IIi, 200 and 311 pole figures were
prepared from all the foils used to plot the 0.002 strain amplitude curves in Figure 3. Figure 6a
shows the 200 pole figure of an unstrained foil and the texture can be identified from the pole
figure as the standard "R" type texture". After 2 x l0" cycles, the peaks nearest the centre show
a distinct move towards the equator. When the rolling direction is parallel to the direction of
cyclic stress, this change is seen as a coalescence of the peaks (Fig. 6b) and when it is perpen-
dicular, it can be seen as a positional shift (Fig. 6e). Thereafter, there is no further movement
of the peaks, but a redistribution of intensity from these peaks into a broad central band
(Figs 6c and 6/).

Pole figures were also prepared of the carrier material before and after fatigue. The alloy
was not strongly textured in the initial condition and while there were definite changes in the
pole figure after fatigue, no systematic change could be measured.

3.2 Repeated-Tension Fatigue

Two tests were made in repeated tension using a flat mild-steel specimen as the carrier.
The tests were performed on a Schenk machine between stress limits of approximately zero and
270 MPa. These limits were calculated to give a strain range of about 0.0013. The first specimen
received 2-7./ l10 cycles and the second 75 x 10 cycles.

Transmission X-ray diffraction films of the foils showed that the diffraction spots had
broken up into smaller sharp spots; neither these films nor pole figures showed any significant
change in the texture. Diffractk meter traces also revealed no change of profile or integrated
intensity.

3.3 Simple Tension

A foil was mounted on a mild-steel specimen which was then deformed in tension up to a
strain of 0. I. No change in the texture of the foil was detected (as expected for such a strain),
hut now both the X-ray diffraction transmission and diffractometer techniques showed the con-
si'derahle broadening that wduld he expected from a uninxially strained bulk specimen.
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4. METALIOGRAPHIC OBSERVATIONS

4.1 Optical Microscopy

The proposition that an aluminium foil records a change in the carrier or substrate material
proportional to fatigue damage, suggested that the foil under these experimental conditions
was losing its identity and acting simply as an extension of the substrate. In particular, it seemed
possible that slip activity in the foil might be severely modified to conform with slip activity in the
substrate.

A careful attempt was made, therefore, to compare slip markings on the foils with those
on the substrate. For these experiments, a mild-steel substrate was deformed by reversed
bending. A typical pair of micrographs is shown in Figure 7; the two fields coincide to within
20 Itm. The most heavily deformed areas on the aluminium foil correspond in general with the
most heavily deformed areas on the substrate, but there is no correlation in detail, and there
is no evidence that slip activity in the steel has-forced any abnormal slip activity in the adjacent
grain of aluminium.

In general, the surface markings on the aluminium foil were much more severe than those on
the substrate. This was particularly apparent for one specimen tested at a low amplitude: there
was virtually no damage on the substrate visible by optical microscopy, yet there was a substantial
change in the appearance of the aluminium foil. It must be remembered, though, that any slip
at the surface of the aluminium is rendered more obvious by the presence of oxide debris. This
effect is particularly marked in the case of fatigue deformation.

Similar results were obtained from specimens tested in repeated tension (stress ratio R = 0).
In the simple tension test, slip was not concentrated into bands and there was even less correla-
tion between regions of slip activity on the substrate and on the foil. In this case though, there
was very little difference in the severity of damage on the foil and on the substrate.

4.2 Transmission Electron Microscopy

The structure of the aluminium foil in the reference condition is shown in Figure 8-the
as-received foil has been cemented to a substrate and removed, but there has been no fatigue
cycling. This particular area shows substantial numbers of dislocations. In other parts of the
foil, there were regions which were substantially free of dislocations. Precipitate particles are
fairly common, both within the grains and at grain boundaries, but it has not been possible to
identify them from diffraction patterns. In general, the grain boundaries in the initial material
were steeply inclined to the plane of the foil so that they appeared on the viewing screen as sharp
lines unless the foils were tilted at a steep angle to the beam.

Figures 9a-c show the structure of a foil which has been tested with the rolling direction
perpendicular to the stress axis. The material is divided into sharply defined cells, the boundaries,
in the main, consisting of polygonised dislocation walls. In this specimen, there were many regions
of a hundred or more such cells, only slightly misoriented with respect to one another. There
appeared to be no systematic trend in the orientation differences between the subgrains in a
particular region, although dark-field images revealed regions in which clusters of subgrains
could be imaged with a particular dilrraction spot (Fig. 9c).

Dislocations were mostly confined to subgrain boundaries and there were few isolated dis-
locations within the cells. Preci'pitate particles were still present, but these did not appear to have
interacted very markedly with the dislocation structure.

Figure 10 shows a foil tested with the rolling direction parallel to the stress axis. Once again
the structure consists of heavily polygonised dislocation walls although there are more dis-
locations within the cells and a large number of dislocations loops are present. Grain boundaries
in this specimen no longer tend to lie perpendicular to the foil.

Figure II shows a foil deformed by repeated tension. A few polygonised dislocation walls
can again be seen, but many of the more ragged-looking boundaries are also polygonised (as
could he seen by tilting) and it seems typical or this testing mode that the cell boundaries are
more nearly perpendicular to the foil surface, There are many dislocations within the cells but
the imayes tar very 4horl, Indkialing Ihtl few of these dihncnlllons !i1 in plansi Clow It 11w plant
or f he hoi.t

483



5. DISCUSSION

Our results sh(ow tha( a soft aluminium foil cemented to a carrier specimen undergoes
changes in texture during reversed-cycle fatigue loading. The changes in integrated intensity
seem to be due only to this variation in texture and the changes in grain size and shape, inferred
from the diffraction spot studies, appear to have little direct effect. It seems unlikely that such a
texture change occurs ornly in this pick-a-back experimental situation, although there are no
known reports in the literature describing the effect of cyclic deformation on texture. Okubo6

obiserved grain growth in copper electrodeposited on fatigue specimens and used the phenom-
enon to identify fatigue-critical areas. No attention was paid to possible changes in texture and
the diffraction patterns he reproduces do not permit any conclusion to be drawn on this point.
"The substantial grain growth Okubo observed would, however, be unlikely to occur without
changes in preferred orientation.

Our limited experiments were unable to detect texture changes in the substrate material.
Since 7075-T6 is a precipitation-hardened alloy and the particular material we used had a poorly
defined texture in the initial condition, this result is probably not significant.

The electron micrographs (Figs 9-11) show the very fine subgrains in the fatigued foils. The
structures bear little similarity to the fatigue structures described by Segall and Partridge" in
bulk specimens of polycrystalline, high-purity aluminium. In particular, Segall and Partridge
-did not observe the dislocation networks which are so characteristic of our foil specimens. The
structures we observed were more like those observed by Weissmann, Shrier and Greenhut8 in
aluminium which had been fatigue-hardened to a saturation condition. Our networks are even
more clearly defined than the ones they describe and it is inferred that our specimens, because
they are supported by the substrate, have experienced a greater amount of fatigue deformation
than they normally could before failure by cracking. That the aluminium foil has reached a
saturation condition is consistent with the integrated intensity measurements.

The integrated intensity of the 511,333 diffraction line increases with the number of cycles
over a range of strain amplitudes (Fig. 3). At all three amplitudes examined, the plot of inte-
grated intensity against log (number of cycles) is approximately linear. At the highest ampli-
tude. there is a saturation of the integrated intensity after about 10' cycles. It is presumed that
saturation also occurs at lower amplitudes, but our tests have not been extensive enough to
confirm this.

In Miyata's experinents (considering his Figure 3 for aluminium foil on a steel substrate),
the maximum stress amplitude used corresponds to a strain amplitude of about 0-0015, at which
amplitude lifetimes are less than l10 cycles. Comparing these test conditions with our own, we
conclude that saturation would not have been reached in his foils. In our case, with aluminium
foil on an aluminium alloy substrate, saturation has occurred well before final failure so that
sensitivity is lost in the final stages. If the foil technique is to be used for predibting residual
fatigue lives in aluminium alloys, a foil with a higher life will be required. It was perhaps a
fortunate coincidence that the steel/aluminium combination used in the Japanese work gave
satisfactory results. In general, the foil used on an arbitrary component will need to be chosen to
match the properties of that component. "

Considering that our main concern is to assess the aluminium foil technique for use in aero-
nautical applications, perhaps the most critical result is the apparent insensitivity to repeated-
tension cycles. The implication is that the technique would be reliable only for fully-reversed
stress cycles which would seldom occur in aircraft components. The conductive polymer gauge2, 3

may be more appropriate in these circumstances; it is certainly sensitive to repeated-tension cycles,
but has not been assessed for fully-reversed cycles.

Although the aluminium foil gauge is insensitive to repealed-tension cycles, there may be
some value in a technique which is able to distinguish between fully-reversed fatigue cycles and
repeated-tension cycles. It is believed that fatigue crack propagation is dependent mainly on the
stress-intensity amplitude, although the stress ratio R is also regarded as an important parameter
in some quarters"- ". The significance of R in the initiation phase of fatigue is not known.

Miyata e, al.' made certain claims regarding the suitability of the foil technique under
variable amplitude conditions. We do not consider that their reported tests were extensive enough
to substantiate these claims fully. Our own experiments were not designed to test this aspect
and further experiments would be required to establish the relationship between cumulative
damage and integrated intensity.

C(ertainly this foil technique should find application in cases where R I, but a better
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under,,landing of the scatter characteri,,icm, would he required In parlmcular. it 'Ail] be necessary

to determine if the integrated intenity reading of a foil indicate-s the fraction of fatigue life

expended in a parltcu!ar ,ccimcn or the fr~ictioin expended in relation to the av-rage S. N cuc
!or the material.

The prcsent procedures for application and remoal of foils %%nuld present some dillficullie•
in practical situations. Altcriative methods of ,onding and removing the foils ha,,e not been

investigated and more consenient procedures may be possible.

6. CONCLUSIONS

(I) A soft aluminium foil cemented to a fatigue specimen undergoes change-, in texture
a-s a result of fully-reversed fatigue cycling.

j2) The texture change causes an increase in the integrated irtensity of the 511-333 X-ray
diffraction iine.

(3) The integrated intensitN increases almost linearly ,itIh the logarithm of the number of
escles in the initial stages, but eventually sa'urates.

(4) The technique can be used to provide a record of cyclic deformation rceived bs a
component only under certain conditions (e.g. R - 1)

(5) The lethnique has little prospective value in general aeronautical applications.
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Fig. 1. SiN curve and curves of constan integrated intensity (after Miyata et al. [I]).

Fig. 2. Constant-stress fatigue specimen used as carrier specimens in most tests.

487



C X

4~ý 0_ 0

0))

-0

-0 E

4 00

C.'C

0
LO,

LO .0

) .0C C

44,-



- -- R D of Foil

f

o b

N

d -. F

Fig, 4. Transmission X-ray diffraction photographs of aluminium foil (111 and 200 rings); type A foil.
a) as-received condition.
b) 1 x 104 cycles, R.D. perpendicular to stress axis.
c) 1 x 10W cycles, R.D. parallel to stress axis.
d) 4 x 104 cycles, R.D. perpendicular to stress axis.
e) 1.x x 10 cycles, R.D. perpendicular to stress axis.
f) 9 x 10W cycles. R.D. perpendicular to stress axis.
g) 4 x 10' cycles, R.D. parallel to stress axis.
h) 1.2 x 101 cycles, R.D. parallel to stress axis.
i) 9 x 101 cycles, R.D. parallel to stress axis.
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Fig. 5. Microfocus X-ray photographs showing variation
in spot size with fatigue (single-sided film).
a) as-received condition.
b) 1 x 104 cycles, R.D. parallel to stress axis.
c) 9 x lO cycles, R.D. paralle to stress axis.
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Fig. 8. Structure of aluminium foil (type A) in reference condition (no fatigue deformation).
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DISCUSSION

QUESTFION -.J. D. Nowtvon
(SEC, I'ictoria)

Hae you thought of developing the aluminium roils for the assessment of cumulative
damage?

Authors' Reply

Our results show that the aluminium foils are sensitive to fatigue cycling at various ampli-
tudes. Miyata et al. report that the aluminium-foil technique gives a more accurate assessment
of the cumulative damage than does Miner's law. Certainly the aluminium foils can record
cumulative damage, but we believe the Japanese claims in this regard to be somewhat premature.
Our own experiments were not designed to test this aspect.

QUESTION-P. Howard
(ARL)

It seems that the existence of some structural changes due to varying stress has been demon-
strated, and that this gives some support to the concept of pre-crack damage.

Authors' Reply

The texture changes we observed in the aluminium foils happen to correlate reasonably
well with the progress of fatigue in the substrate, but we do not believe that the texture changes
could be related in any direct way with the ultimate development of a fatigue crack.
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H. A. WILLS

Retired-- Chief Defence Scientist
.tor,,erj" Superintendent, Structures and Materials Division, A RL)

The papers in tnis Symposium combine to give both a synoptic view of the aircraft struc-
tural fatigue problem and its solution, as they have developed within the Aeronautical Research
Laboratories during a period of 30 years, and also a summary of the current state of knowledge
in relevant fields, for example, of fracture mechanics, the micro-mechanisms of fatigue, life
monitoring and non-destructive inspection.

In the field of load acquisition and analysis, the nature of atmospheric turbulence and of
loads arising from manoeuvres and ground effects are sufficiently well established for prelimin-
ary design purposes, as are the methods for translating these effects to stress fluctuations at
critical points. For more detailed investigations, fatigue load data acquisition systems such as
AFDAS are now available to monitor fluctuating loads and stress on individual aircraft with any
desired degree of precision, and also to contribute substantially to the general pool of flight load
data.

Several papers have dealt with current developments in the estimation of fatigue life and of
safe inspection intervals in safe life or fail safe structures. Although the procedures for achieving
a fatigue resistant structure ab initio are in theory well known, their achievement in practice is
difficult, and the assessment of safety is dependent upon the interpretation of test results on ihe
actual structure in question.

The adoption of risk and reliability theory methods permits the estimates of safe operating
limits to be made without adopting some arbitrary specification of the reduced strength level
at which the structure becomes unairworthy as a result of fatigue crack growth. (In "conven-
tional" an;,.ysis this is usually assumed to be when a crack has grown so that the strength is
reduced to around limit strength.) The crux of the problem is the formulation of a realistic
model ieflecting the properties of crack initiation, crack growth, and strength decay of the
family of structures. The crack propagation and strength decay functions vary widely between
the different materials and forms of construction. Criteria for flight safety for aircraft of different
types may be expressed in terms of either a "limiting permissible average risk rate per hour"
or a "limiting permissible probability of failure during the lifetime".

The theory of structural fatigue endeavours to formulate a complete set of equations
describing the behaviour of a family of structures having variability of properties and with a
variety of critical Iccations, in which crack growth is preceded by a random damage phase, and
in which the macroscopic strains e.rising only after the commencement' of crack growth cause
interaction between the stresses at such a crack and at any other critical point. The equations,
which may be computer-programmed, are thus potentially useful for prediction purposes and
also for analysis of observed behaviour in structural testing, but useful results will depend on the
availability of more precise knowledge of the nature of damage and crack initiation and of a
realistic mechanism of crack growth from appropriately designed experiments on the actual
materials of construction.

Development of the theory of fracture mechanics has thrown new light on estimation of
the static (residual) strength of structures containing cracks, and on the pr-)pagation of cracks
under fatigue loading, In fracture mechanics theory the parameter of significance is the stress
intensity factor, and it is seen to be of relevance to the final failure of a cracked structure
(unstable crack growth), and to (stable) crack propagation under slow loading or under fatigue
conditions. Fracture toughness is a useful basis for comparing high strength materials for a
particular application. The sensitivity of fracture toughness to metallurgical structure is both a
hazard and a potential advantage to users.
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Attention ha, been drawn in sevral paper, to the great saribabitt in fatigue data - even in
those which are obtained fronm caircful!, controlled experiment% made undercarefullh controlled
laborator% conditions. And further. that !he analysis, presentation and interpretation of the
data is offe" a father ,ubJrVtive process. even Nwhen sratisticall, sound and mathematically

justifiable techniques arc used to present the results in useful form. In a discussion of the subjectie
quality of S-N curse,, even A hen fitted to a single set of S-N data by experienced researchers, it

was revealed that. in a eumulatise damage situation, thee differing S-N curses could lead to
estimated li,,es differine by a factor of 3. There are obviousls man,. more uncertainties involved
when data are pooled from different source,.

The paper dealing Asith load sequence interactions discused the retardation and acceleration

effects on crack growth resulting from the injection of single high loads or single low or negative

loads in an otherwise constant amplitude sequence. These effects are qualitatively understood in
terms of conditions in th- plastic zone at the crack tip. but theoretical formulations have not
yet been able to describe the phenomenan adequately. The effects of occasional high loads tn
inhibiting crack formation and retardation of crack growkth have been known for a very long time.
It has been proposed before, and it might be worth proposing again, that an initial "proof load"
be given as a means of "conditioning" a new structure before it goes into service.

In a detailed discussion of the micro-mechanisms of crack initiation and of crack growth
an explanation is offered for the lo" fracture toughness. and the poor fatigue and stress corrosion
properties of the AI-Zn-Mg allo's. It is concluded that the fracture toughness could be improsed
and the nucleation of fatigue cracks delayed by producing clean alloys, i.e. free from second phase

particles rich in Fe and Si-and further improvements in retarding crack growth might result
from either increasing the wsidth of precipitation-free zones or preferably by eliminating them

altogether.

The paner on DMac steel investigates the effect for a number of heat treatments which
gave approsrnatel% the same sicld stress hut widel, different fracture toughnesses. Explanations
of these variations %%ere sought in the different micro-structures and failure mechanisms which
also affected crack propagation under fluctuating load. The transient effects of step increases

and step reductions in alternating load were examined: also the relation between the rate of
crack grovth and the stress intensity factor. It was concluded that stress intensit) factor offers

a means of comparing these materials qu;intihatisels as to their crack tolerance and thus provides
a basis for estimating crack grovwth and hence residual strength.

As a means of studing crack propagation involving the behasiour of the plastic zone in
the region of the crack tip. a tv'o-component model of elastic and plastic eements in parallel
has been proposed, to represent the macro-features of crack behaviour, and to simulate the
damaged area of a structure. To substantiate this concept, tests were conducted on test pieces
of annealed copper incorporating a key-hole tIpe of stress concentrator, especially designed to
permit measurement of crack-opening displacement at the crack tip. Crack gro,,th was found
to result from irreversible plastic strain, and th, plastic contribution to crack opening controlled
the incremental grow.th of the crack. Just how well this model represents the behlvsiour of the
real materials of construction-and whether it will enable the fatigue behaviour of a struc.ural

component to be directly related to a small laboratory test piece-has Net to be demonstrated.
A paper on the endurance testing of aircraft structures at ARL over three decades has

supported the contention that full-scale endurance tests are an essenti-i part of airworthiness
certification. In addition, associated research investigations have resulted in a number of broad
conclusions. Aspects of particular relevance to life prediction were:

(i) the total fatigue behaviour of a new structure cannot be accurately predicted from

supposedly representative laboratory specimens, because of the lack of equivalence

of the stress redistribution which takes place either from loose fasteners or from crack
propagation during the lest, nor can it be accurately deduced from the behaviour

of vaguely similar structures:
(ii) the effect of a high preload (limit load or above) considerably extends the life for load

fluctuations of lower magnitude;
(iii) th,' introduction of a large negative load, as might occur in a ground-to-air cycle.

greatly decreases the fatigue endurance.
It nas aiways been a hope that means would be found to measure directly the deterioration

in strength of a structure while in service. ARL tried early on to adapt resistance strain gauges to

act as crack detectors, and over the year various attempts have been made to use some sort of
strain-sensitive coupon attached to critical areas of the structure to act as fatigue or damage
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monitors. The use of aluminium foil has again been investigated by ARL, but the prospects of

success of this niethli appear small.

The physical techniques for detecting cracks and monitoring their growth by non-

destructive inspection have made marked progress in recent years, so that no significant manu-

facturing defect should escape factory inspection. There is also a high degree of confidence that

sub-critical cracks will be detected during routine maintenance. The efficiency and limitations of

current techniques have been reviewed, and the need stressed for careful selection and training of

field operators, and of appropriately designed tests to evaluate their performance. The prospects

of newer techniques have been discussed, including acoustic emission, ultra-sound transmission

and photo-electron emission which are still in the laboratory stage.

Another paper rightly draws attention to the fact that although environmental agencies,

particularly corrosive ones, interact with the fluctuating stress conditions in the initiation and

propagation of fatigue cracks, they are generally not given the same detailed attention as other

factors affecting the fatigue life. Excuses for this neglect are that corrosion often occurs at hidden

places not readily accessible to inspection, that the nature and extent of corrosion is difficult to

assess, and that its effect on structural safety is almost impossible to evaluate. The need is

expressed for corrosion monitoring using techniques appropriate to the circumstances. Such

techniques are now available and should be used on a routine basis. Similarly there is a need for

the use by manufacturers of more effective corrosion protection in structurally important areas.

An experimental programme on ultra-high strength steel specimens in unprotected condition

showed that the fatigue life was affected both by temperature and humidity (absolute or relative).

For relative humidities of less than 100 , it was found that a maximum fatigue life was achieved

with a temperatur2 of about 80"C and relative humidity somewhat less than 100%, and this

maximum was about double the life obtained at values of temperature and humidity well away

from the optimum values. In 100% humidity conditions, with liquid water present on the speci-

men surface, total lives of about one-tenth of the optimum resulted: both crack initiation and

crack propagation were expedited. A possible explanation of the results in terms of a "hydrogen-

alloying" phenomenon was proposed. Although some environments are detrimental, the fact

that others are beneficial to fatigue life when compared with air should be a stimulant for the
search for other beneficial environments, and for strengthening mechanisms in the fatigue

process.
The papers of this conference have indicated the great strides that have been made in recent

years in applying new theoretical and physical concepts to "life" estimation. But the subject is

so diverse and the interacting factors so numerous-each involving a great deal of variability

and uncertainty-that continued intensive effort is required to extend the theoretical bases and

to provide the essential experimental confirmations. Some of these areas have at least been

identified and leads given as to how progress might be made.

It should be remembered that technical innovation sometimes outstrips the scientific base

on which it should have been built-on occasions with disastrous results-so it is important to

try to anticipate in which direction technology will evolve, and to align research programs to

meet the challenge it will provide.
It should also be noted that no other type of terrestrial vehicle, machine or structure needs

to be designed, constructed, inspected and proved by test to the same high level of technical

efficiency and predictable reliability as an aircraft. As far as human need is concerned the only

quality that air transport has to offer is .-peed-and it is the responsibility of aeronautical scientists

and technologists to ensure that speed is achieved with the maximum of efficiency, economy

and safety.
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